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ӡಈྔ Lɺશεϐϯ S Λ༻͍ͯ λL · S ͱද͞ΕΔͱ͖ɺిࢠ਺ n͕ n < 2l + 1ͷͱ͖
λ > 0ͱͳΓɺJ = |L − S|͕ɺn > 2l + 1ͷ৔߹ʹ͸ λ < 0ͱͳΓɺJ = L + S ͕ج
ఈଟॏ߲ͱͳΔɻj-j݁߹Ͱ͸εϐϯيಓ૬ޓ࡞༻͕େ͖͍ͨΊɺ1ిࢠঢ়ଶͱͯ͠ (Ұମ
ͷ)શ֯ӡಈྔͷݻ༗ঢ়ଶΛͱΓɺl− 1/2͕௿ΤωϧΪʔͱͳΔɻ͜ͷ 1ిࢠঢ়ଶΛɺΤ
ωϧΪʔͷখ͍͞ॱʹͭΊΔͱɺn < 2l + 1ͷͱ͖͸ j = l − 1/2ɺn > 2l + 1ͷͱ͖͸
j = l + 1/2ͷࣗ༝౓͕࢒Δɻر౔ྨͰ͸ LSඳ૾ͷํ͕ྑ͍৔߹͕ଟ͘ɺΞΫνϊΠυ
ܥͰ͸ͲͪΒ͕Α͍͔Ұ֓ʹ͸ݴ͑ͳ͍ɻہࡏੑ͕େ͖͍ܥͰ͸ LS݁߹͕ɺวྺੑ͕େ
͖͍ܥͰ͸ j-j݁߹͕༗ޮͱͳΔɻҎԼͰ͸ɺLSඳ૾ͷ Jଟॏ߲ʹج͍ͮͯٞ࿦͢Δɻ
ݽཱͨ͠ݪࢠͰ͸ɺJ ͷҟํੑ͸ͳ͘ɺJ2 ͷݻ༗஋ J(J + 1)Λ࣋ͭ 2J(J + 1)ݸͷ
ঢ়ଶ͕ॖୀ͢ΔɻJ ଟॏ߲ͷجఈঢ়ଶͱҟͳΔ J Λ΋ͭྭىঢ়ଶͷΤωϧΪʔ͸ 103 K










ຊ߲Ͱ͸ Γ3 ඇΫϥϚʔε 2ॏ߲͕݁থ৔جఈঢ়ଶͱͳΔ PrܥԽ߹෺ʹ͍ͭͯ֓؍͢
ΔɻPr3+ ΠΦϯͷిࢠ഑ஔ͸ f2 Ͱ͋Γɺϑϯτଇͱεϐϯيಓ૬ޓ࡞༻ʹΑͬͯશ֯ӡ
ಈྔ J = 4͕ݪࢠيಓͷجఈঢ়ଶͱͳΔ (ਤ 1.1)ɻཱํରশͳ݁থ৔ʹΑͬͯ J = 4ͷ 9
ঢ়ଶ͸ Γ1 ୯ॏ߲ɺΓ3 ೋॏ߲ɺΓ4 ࡾॏ߲ɺΓ5 ࡾॏ߲ʹ෼͔ΕΔɻPrPb3, PrT2X20(T =




ޮՌͱ߹Θͤͯɺ੝Μʹݚڀ͞Ε͍ͯΔ [4, 6, 7]ɻຊݚڀͰ͸࢛ۃࢠடংʹ஫໨͢ΔɻҎ
ԼͰ͸ɺ࢛ۃࢠடং͕֬ೝ͞Ε͍ͯΔయܕతͳ PrԽ߹෺Ͱ͋Δ PrPb3 ͱຊݚڀͰର৅ͱ
















ਤ 1.1: f2 ిࢠ഑ஔͷݽཱݪࢠͰͷجఈ
ঢ়ଶٴͼཱํରশͳ݁থ৔ʹΑΔ෼྾ɻ
ਤ 1.2: Pr 1-2-20 ܥ෺࣭ͷߏ଄ɻ(a) ͸
ཱํথͷ୯Ґ๔ɺ(b)͸ PrݪࢠΛғΉΧ
ΰͷߏ଄ɺ(c) ͸ X ݪࢠΛғΉΧΰͷߏ
଄ɻ[4]ΑΓసࡌɻ
ɾPrPb3
PrPb3 ͸యܕతͳ (4f)2 ഑ஔͷཱํথܥͰ͋Γɺجఈঢ়ଶ͸ Γ3 ೋॏ߲ͰɺTQ = 0.4 K
Ͱ൓ڧ࢛ۃࢠடংͱߟ͑ΒΕΔೋ࣍૬సҠ͕؍ଌ͞Ε͍ͯΔɻ1974೥ʹൺ೤ଌఆʹΑͬ





͸ଟ͘ͷ AFQ ෺࣭ͰݟΒΕΔಛ௃Ͱ͋Δ [11, 12]ɻPr ͷ La ʹΑΔஔ׵ Pr1−xLaxPb3
͸࢛ۃࢠసҠΛ཈੍͠ɺx = 0.03Ͱ࢛ۃࢠసҠ͕ফ͑Δ [13]ɻx > 0.95ͷرബۃݶͰ͸
ඇϑΣϧϛӷମతৼΔ෣͍͕ݟΒΕɺ࢛ۃࢠۙ౻ޮՌͷදΕͰ͋Δͱߟ͑ΒΕΔ [14]ɻ
ɾPr 1-2-20
PrT2X20(T = Ti,V, X = Zn,Al౳)͸ɺ࢛ۃࢠடং΍௒఻ಋ͕֬ೝ͞Ε͍ͯΔ PrԽ
߹෺Ͱ͋ΓɺPr-1-2-20ܥͱݺ͹ΕΔ [4]ɻ֤ PrΠΦϯ͸ 16ݸͷ XΠΦϯ͔ΒͳΔ͔͝
ʹғ·Ε͓ͯΓɺPrΠΦϯ͸μΠϠϞϯυߏ଄ΛͱΔ (ਤ 1.2)ɻPrαΠτͰͷہॴ఺܈
ରশੑ͸ Td Ͱ͋Δɻओͳ෺࣭ͷ݁থ৔ঢ়ଶΛਤ 1.3ʹࣔ͢ [4]ɻ݁থ৔جఈঢ়ଶ͸ Γ3 ೋ
ॏ߲Ͱ͋ΓɺୈҰྭىঢ়ଶͰ͋Δ Γ4 ·ͨ͸ Γ5 ࡾॏ߲ͱ͸ 30 K ఔ౓ΤωϧΪʔ͕ࠩ͋
Δɻ࢛ۃࢠடংɺ௒఻ಋͷయܕతͳసҠԹ౓͸ 1 Kఔ౓Ͱ͋ΓɺΓ3 ࣗ༝౓͕ॏཁͳد༩
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ϝϯτͷࠞ੒ͷڧ͕͞ ∆ͱಉ༷ʹ PrIr2Zn20 ͔Β PrTi2Al20 ͷؒͰ૿Ճ͢Δ͜ͱ͕༧૝
͞ΕΔɻҎԼɺ͍͔ͭ͘ͷ෺ੑΛͱΓ͋͛ͯ͜ͷܥͷੑ࣭Λٞ࿦͢Δɻ
·ͣɺ݁থ৔ঢ়ଶʹ͍ͭͯड़΂Δɻਤ 1.5ʹ PrT2Zn20 ܥͰ [100]ํ޲ʹ B = 0.1 Tͷ
࣓৔ΛҹՃͯ͠ଌఆ͞Εͨଳ࣓཰ͷԹ౓ґଘੑ 1/χ(T )Λࣔ͢ [15]ɻૠೖਤʹ͸ଳ࣓཰ͷ
Թ౓ґଘࡇ χ(T )͕ࣔ͞Ε͍ͯΔɻT > 30 Kͷ޿͍ൣғͰɺΩϡϦʔϫΠεଇతৼΔ෣
͍ χ = NAµ2eﬀ/3kB(T + θp) ͕ݟΒΕΔɻ͜͜Ͱ NA ͸ΞϘΨυϩఆ਺ɺkB ͸ϘϧπϚ
ϯఆ਺Ͱ͋Δɻ͜ͷৼΔ෣͍͸ɺ݁থ৔෼྾ʹΑΔӨڹ͕͜ͷԹ౓ྖҬʹ͸දΕͳ͍ఔ౓
ͷେ͖͞Ͱ͋Δ͜ͱΛࣔࠦ͢Δɻ༗ޮ࣓ؾϞʔϝϯτ µeﬀ ∼ 3.5µB ͸ࣗ༝ Pr3+ ΠΦϯ
ͷ΋ͷ 3.58µB ͱ͍ۙ஋ΛͱΓɺৗ࣓ੑΩϡϦʔԹ౓ θp ͸ਖ਼ͷ஋ΛͱΔɻਖ਼ͷ θp͸Pr3+
ΠΦϯؒͷ૬ޓ࡞༻͕൓ڧ࣓ੑతͰ͋Δ͜ͱΛ͍ࣔͯ͠Δɻ10 KҎԼͰ χ͸૿େ͠ͳ͍
Van VleckతͳৼΔ෣͍Λࣔ͠ɺ݁থ৔جఈঢ়ଶ͕ඇ࣓ੑͷ Γ3 ͋Δ͍͸ Γ1 Ͱ͋Δ͜ͱ
Λࣔ͢ɻਤ 1.6ʹ PrT2Al20 ܥͷ 4fిࢠʹΑΔൺ೤΁ͷد༩Λࣔ͢ [2]ɻθϩ࣓৔ɺ࣓৔
Լͱ΋ʹ T = 30 KͰγϣοτΩʔܕϐʔΫ͕ݟΒΕΔ͜ͱɺ஄ੑఆ਺ͷιϑτԽ [16]͕
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ͷ B = 0(solid)ɺ9T(open) ʹ͓͚Δɺ
ൺ೤ͷ 4f ిࢠʹΑΔد༩ͷԹ౓ґଘ
ੑɻ[2]ΑΓసࡌɻ
ݟΒΕΔ (T = Ti)͜ͱͳͲ͔Β݁থ৔جఈঢ়ଶ͸ Γ3 Ͱ͋Δ͜ͱ͕ࣔࠦ͞Ε͍ͯΔɻ·
ͨɺޙड़͢ΔΑ͏ʹ T = Ti, Vͱ΋ʹ࢛ۃࢠடংͱߟ͑ΒΕΔ૬సҠ (TQ = 2 K (T =
Ti)ɺ0.7 K (T = V)Ͱͷൺ೤ͷϐʔΫ)͕ݟΒΕΔ͜ͱ͔Β΋ɺΓ3 ೋॏ߲͕ࢧ࣋͞ΕΔɻ
࣍ʹɺ࢛ۃࢠடংʹ͍ͭͯઆ໌͢Δɻ·ͣɺPr 1-2-20 ܥͰ࠷ॳʹ൓ڧ࢛ۃࢠடং͕
ൃݟ͞Εͨ PrIr2Zn20 ʹ͍ͭͯड़΂Δɻਤ 1.7 ʹൺ೤ٴͼ࣓ԽͷԹ౓ґଘੑΛࣔ͢ [3]ɻ
TQ = 0.11 K Ͱͷൺ೤ͷӶ͍ϐʔΫ͸ԿΒ͔ͷ૬సҠͷଘࡏΛ͍ࣔͯ͠Δɻૠೖਤʹ͸
[100]ํ޲ʹ 10 T·Ͱͷ࣓৔ΛҹՃͨ͠ͱ͖ͷ࣓ԽM(T )/B ͕ࣔ͞Ε͓ͯΓɺTQ ෇ۙ
Ͱҟৗ͕ͳ͍͜ͱ͔Βɺ૬సҠ͸ඇ࣓ੑͰ͋Δ͜ͱ͕ࣔࠦ͞ΕΔɻਤ 1.8ʹ͸࣓৔ B ͱ
Թ౓ T ͷ B − T ૬ਤ͕ࣔ͞Ε͍ͯΔ [3]ɻTQ ͷ෼྾͸ࢼྉͷ७౓ʹΑΔ΋ͷͰ͋Δͱ
ߟ͑ΒΕΔɻ࣓৔தͰ TQ ͕૿Ճ͢Δ͜ͱ͸ PrPb3 ͷ൓ڧ࢛ۃࢠடংͰ΋ݟΒΕΔɻ൓
ڧ࢛ۃࢠసҠΛࣔ͢ڧ͍ূڌ͸ɺ௒Ի೾ʹΑΔ஄ੑఆ਺ͷղੳ͔Βɺ࢛ۃࢠϞʔϝϯτ
ͷ૬ޓ࡞༻܎਺ g′Γ3 ͕ෛͷ஋ͱͳΔ͜ͱͰ͋Δ (ਤ 1.9)ɻ࣍ʹɺPrV2Al20 ͷ൓ڧ࢛ۃࢠ
டংʹ͍ͭͯड़΂Δɻਤ 1.6 ͷΑ͏ʹ TQ = 0.6 K Ͱൺ೤ͷϐʔΫ͕ݟΒΕɺߴ७౓ͷ
ࢼྉͰ͸ TQ = 0.73 KɺT ∗ = 0.61 KͰͷೋஈసҠ͕֬ೝ͞Ε͍ͯΔ [17]ɻµSR࣮ݧͰ
TQ ҎԼͰͷ࣌ؒ൓సରশੑͷഁΕΛࣔ͢໌֬ͳূڌ͕ͳ͍͜ͱ͔Βɺ͜Ε͸൓ڧ࢛ۃࢠ
டংʹΑΔ΋ͷͰ͋Δͱߟ͑ΒΕΔ [18]ɻ[100]ํ޲ʹ࣓৔ΛҹՃ͢ΔͱɺB ≤ 11 TͰ
৽͍͠૬͕දΕ [19]ɺΓ3 ಺Ͱͷடংม਺ͷೖΕସΘΓͰ͋Δͱߟ͑ΒΕΔɻಉ༷ͳடং
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ਤ 1.7: PrIr2Zn20 ͷൺ೤ͱ࣓Խ (ૠೖਤ)
ͷԹ౓ґଘੑɻ[3]ΑΓసࡌɻ
ਤ 1.8: PrIr2Zn20 ͷ B − T ૬ਤɻ
TQ, TQ1, TQ2 ͸ൺ೤ͷϐʔΫҐஔ͔Βܾ
ఆ͞Ε͍ͯΔɻ[3]ΑΓసࡌɻ
ม਺ͷೖΕସΘΓ͸ɺPrPb3 ʹ͓͍ͯɺ[110]ํ޲ͷߴ࣓৔ԼͰ؍ଌ͞Ε͍ͯΔ [20]ɻ࠷
ޙʹɺPrTi2Al20 ͷڧ࢛ۃࢠடংʹ͍ͭͯड़΂Δɻਤ 1.6ͷΑ͏ʹ TQ = 2.0 KͰӶ͍ൺ
೤ͷϐʔΫ͕ݟΒΕɺ[100]ํ޲ͷ࣓৔Λ૿Ճͤ͞ΔͱɺϐʔΫߏ଄͸ΏΔ΍͔ʹͳΔ͜














ਤ 1.9: Pr 1-2-20࢛ۃࢠடংʹؔ͢Δॾʑͷྔɻg′Γ3 ͸࢛ۃࢠϞʔϝϯτͷ૬ޓ࡞༻ͷ܎
਺Ͱ௒Ի೾࣮ݧ͔Βݟੵ΋ΒΕ͍ͯΔɻTQ ͸θϩ࣓৔ͰͷసҠԹ౓ɺBc ͸ྟք࣓৔Ͱ্
෇͖ఴࣈ͸࣓৔ͷํ޲Λද͢ɻ(∗)[100]ํ޲ͷ B = 11 TͰߴ࣓৔૬͕දΕΔɻ(∗∗)୯݁
থࢼྉͷܗʹΑΓ [111]ํ޲ͷΈͰղੳ͞Ε͍ͯΔɻ[4]ΑΓసࡌɻ
























kσfσ + h.c.) (1.5)
͜͜Ͱɺk ͸೾਺ɺσ ͸εϐϯࣗ༝౓ɺnσ ≡ f†σfσɺckσ, fσ ͸ͦΕͧΕ఻ಋిࢠɺf ిࢠ
ͷফ໓ԋࢉࢠɺN ͸ܥͷαΠτ਺ɺµ͸ԽֶϙςϯγϟϧͰ͋Δɻ
ୈҰ߲ Hcon ͸఻ಋిࢠͷӡಈΤωϧΪʔɺୈೋ߲ Hf ͸ f ిࢠͷΤωϧΪʔɺୈࡾ߲
HU ͸ f ిࢠಉ࢜ͷΫʔϩϯΤωϧΪʔɺୈ࢛߲ HV ͸఻ಋిࢠͱ f ిࢠͷࠞ੒Λද͢ɻ
͜͜Ͱ͸ f ిࢠͷيಓࣗ༝౓Λແࢹ͍ͯ͠Δɻf ిࢠͷ४Ґ ϵf ͸ϑΣϧϛΤωϧΪʔ ϵF
ΑΓे෼Լʹ͋Γɺ͔ͭόϯυͷఈΑΓ͸ߴ͘ɺେ͖ͳΫʔϩϯੱྗͷͨΊʹ ϵf + U ͸
ϑΣϧϛ໘ΑΓ্ʹ͋Δঢ়گɺ͢ͳΘͪɺϵf < ϵF < ϵf + U Λߟ͑Δɻ·ͣɺV = 0Ͱ
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ͷجఈঢ়ଶͰͷ f ిࢠͷ઎༗਺͸ 1Ͱ͋Δɻ͕ͨͬͯ͠ɺہࡏϞʔϝϯτͷجఈঢ়ଶ͸






ϵg −H0QHV P (1.7)
͕ॏཁͱͳΔɻ͜͜Ͱɺϵg ͸ H0 = Hcon +Hf +HU ͷجఈঢ়ଶͷΤωϧΪʔɺP ͸ہ
ࡏిࢠ͕ 1ͭ͋Δঢ়ଶ΁ͷࣹӨԋࢉࢠͰ Q = 1− P ͸ہࡏిࢠ͕ۭ·ͨ͸ 2ݸ͋Δঢ়ଶ
΁ͷࣹӨԋࢉࢠͰ͋Δɻதؒঢ়ଶͱͯ͠Մೳͳঢ়ଶ͸ɺf ిࢠ͕ۭ·ͨ͸ 2ॏ઎༗ͷঢ়ଶ
Ͱ͋Δɻೋ࣍ઁಈͷաఔ͸ɺ(1)தؒঢ়ଶ͸ f ిࢠ 2ॏ઎༗Ͱ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷ
εϐϯ͕ಉ͡ɺ(2)தؒঢ়ଶ͸ f ిࢠ 2ॏ઎༗Ͱ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ҟͳ
Δɺ(3)தؒঢ়ଶ͸ f ిࢠۭঢ়ଶͰ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ಉ͡ɺ(4)தؒঢ়
ଶ͸ f ిࢠۭঢ়ଶͰ࢝ঢ়ଶͱऴঢ়ଶͰ f ిࢠͷεϐϯ͕ҟͳΔɺͷ 4छྨ͋Δɻ֤ʑͷ
߲͔Βͷد༩͸
(1) : − V
∗
k Vp





(2) : − V
∗
k Vp







































ϵp − ϵf −
1







ϵp − ϵf +
1





ిࢠͷΈΛߟ͑ ϵk Λແࢹ͠ɺ͞Βʹ V ͷ೾਺ґଘੑΛແࢹ͢Δͱɺ

















































kσfiσ + h.c.) (1.19)
͜͜Ͱɺnf,iσ = f
†
iσfiσɺfiσ ͸αΠτ iͰͷ f ిࢠͷফ໓ԋࢉࢠͰ͋Δɻෆ७෺໛ܕͷ৔











JSi · (σ)σσ′c†iσciσ′ (1.20)






ߴΤωϧΪʔϓϩηεͷΈͱͳΔɻೋ࣍ઁಈͰ i, j αΠτͷہࡏεϐϯ͕ؔΘΔ߲Λߟ͑
Δͱ









ϵk − ϵp ⟨ks











ϵk − ϵp ⟨ks
′|Sj · (σ)ss′σ|ps⟩ ⟨pσ′|Si · (σ)σσ′ |kσ⟩ (1.23)



















Q = 1− PɺEg ͸Hcon ͷجఈΤωϧΪʔɺfk ͸ઈରྵ౓ͰͷϑΣϧϛ෼෍ؔ਺Ͱ͋Δɻ






⟨[σµσσ′c†iσciσ′ ,σνss′c†jscjs′ ]⟩, (1.27)











ϵk − ϵk+q ⟨ks
′|σµss′σ|ps⟩ ⟨pσ′|σνσσ′ |kσ⟩ (1.29)
(1.30)























͕جఈঢ়ଶͱͳΔɻہࡏεϐϯ͕டং͢ΔԹ౓ (TRKKY)ͱۙ౻Թ౓ TK ͸఻ಋిࢠͱہ
ࡏεϐϯͷ݁߹ఆ਺ J ґଘੑ͕ҟͳΓɺ௨ৗ͸࣓ؾடংঢ়ଶͱۙ౻Ұॏ߲ͷͲͪΒ͔͕
جఈঢ়ଶͱͳΔɻۙ౻ޮՌͷԹ౓εέʔϧ͸ɺϑΣϧϛΤωϧΪʔͰͷঢ়ଶີ౓ D(ϵF )
Λ༻͍ͯɺTK ∼ exp(−1/JD(ϵF ))ͱද͞ΕɺTRKKY ͷεέʔϧ͸ TRKKY ∼ J2D(ϵF )
ͱͳΔɻT, J ʹ͍ͭͯਤࣔ͢Δͱਤ 1.10ͷΑ͏ʹͳΔɻJ ͕େ͖͍ྖҬͰ͸ۙ౻Ұॏ߲















S · (σ)σσ′c†k,ασcp,ασ′ . (1.31)
α = 1, 2, · · ·M ͕৽ͨͳࣗ༝౓Ͱ͋ΔɻM > 2S ͷ৔߹ʹ͸ɺ఻ಋిࢠ͕ہࡏεϐϯΛ
ա৒ʹःณ͠ɺඇϑΣϧϛӷମతͳৼΔ෣͍͕ੜ͡Δ [36–38]ɻM = 2, S = 1/2ͷ৔߹
͸ಛʹ 2νϟωϧۙ౻ޮՌͱݺ͹Εɺൺ೤ C ͕ C/T ∝ − lnTɺిؾ఍߅ ρ͕ ρ ∝ √T
ͷΑ͏ʹৼΔ෣͏ɻM = 2, S = 1/2ͷ৔߹Λपظܥʹ֦ுͨ͠ 2νϟωϧۙ౻֨ࢠ໛ܕ
͸ɺf2 ഑ஔΛͱΔԽ߹෺Ͱ݁থ৔جఈঢ়ଶ͕ Γ3 ͷ৔߹ʹ࣮ݱ͢Δ͜ͱ͕ CoxʹΑΓࢦఠ
͞Εͨ [39]ɻ݁থ৔جఈঢ়ଶ͕ Γ3 Ͱ͋Δ͜ͱɺిࢠ਺͕ҟͳΔঢ়ଶͰΤωϧΪʔ͕࠷΋
௿͍ͷ͸ f1 ͷ Γ7 ೋॏ߲Ͱ͋Δ͜ͱΛԾఆ͢Δͱɺہࡏ f ిࢠ͸఻ಋిࢠͱͷࠞ੒Ͱ͜ͷ
2ঢ়ଶؒΛҠΓมΘΔɻΓ3 ⊗ Γ7 = Γ8 ͱͳΔͨΊɺࠞ੒͕Մೳͳ఻ಋిࢠ͸ Γ8 ʹݶΒΕ
ΔɻΓ8 ࣗ༝౓͸ Γ3 ͱಉ࢛͡ۃࢠࣗ༝౓ʹՃ͑ͯεϐϯࣗ༝౓Λ΋ͪɺ఻ಋిࢠͷ࢛ۃࢠ

















ਤ 1.11: (a) UNi4B ͷ௿ԹͰͷ࣓ؾடংͷߏ଄ɻ(b) ࡾ֯֨ࢠ໘಺ ([21¯1¯0]) ʹిྲྀΛҹ







ଌఆʹΑͬͯ֬ೝ͞Ε͍ͯΔ ( [51])ɻҎԼ͜Εʹ͍ͭͯઆ໌͢ΔɻUNi4B͸ U͕ (ۇ͔
ʹ࿪Μͩ)ࡾ֯֨ࢠΛ૊Ήɻۭؒ܈͸௚ํথ CmcmͰ͋Δ͕ɺ࿪Έ͸খۙ͘͞ࣅతʹཱ
ํথ P6/mmmͱΈͳͤΔɻUΛғΉ NiɺBͷ഑ஔ͔Β UҐஔʹ͸ۭؒ൓సରশੑ͕ͳ
͘ɺہॴతʹۭؒ൓సରশੑ͕ഁΕ͍ͯΔɻTN = 20.4 KҎԼͰͷ൓ڧ࣓ੑடংʹؔΘΔ
ͷ͸ UαΠτͷ͏ͪ 2/3Ͱɺ࿡֯ܗ্ʹӔঢ়ͷ࣓ؾϞʔϝϯτΛ࣋ͭ͜ͱ͕ఏҊ͞Εͯ
͍Δ (ਤ 1.11(a)) [52]ɻ͜ͷ࣓ؾߏ଄͸ɺ࣓ؾτϩΠμϧϞʔϝϯτ t(∝ ∑l rl × Sl, rl
͸αΠτͷҐஔɺSl ͸εϐϯ)͕ࡾ֯֨ࢠ໘ʹਨ௚ͳํ޲Λ޲͍ͨڧτϩΠμϧடংͱΈ
ͳͤΔ [47]ɻରশੑ͔ΒɺτϩΠμϧடং૬Ͱ͸ɺ໘಺ʹిྲྀΛҹՃ͢Δ͜ͱʹΑΓɺి

















































































Ͱ͋Δɻ͜͜ͰɺJ = (Jx, Jy, Jz)͸ J = 4ͷۭؒʹ࡞༻͢Δશ֯ӡಈྔԋࢉࢠͰ͋Γɺ
JxJyJz ͸ Jx, Jy, Jz ͷॱংͷೖΕม͑Λͨ͠ 6ݸͷ߲ͷ࿨ΛͱΓ 1/6ഒͨ͠΋ͷΛද͢ɻ
࣍ʹɺμΠϠϞϯυߏ଄ (ۭؒ܈ Fd3¯m) ͷରশૢ࡞ͱ্Ͱఆٛͨ͠ύ΢Ϧߦྻͷ
ม׵ੑΛ·ͱΊΔɻμΠϠϞϯυߏ଄͸ɺ໘৺ཱํ֨ࢠͰɺ୯Ґ๔಺ʹ A(0, 0, 0)ɺ
B(1/4, 1/4, 1/4) ͷ 2 αΠτΛؚΉߏ଄Ͱ͋Δɻ֤αΠτͷपΓͷରশૢ࡞Ͱ͋Δ఺
܈ Td ͷૢ࡞ E, 8C3, 6C4, 6C ′2, 3C2, I, 8S3, 8S6, 6σd, 3σh ͱ͜ΕΒʹ {I|b}Λ͔͚ͨ΋ͷ
(b = (1/4, 1/4, 1/4))ɺٴͼجຊฒਐɺ࣌ؒ൓సΛ৐ͨ͡΋ͷ͕ܥͷରশૢ࡞Ͱ͋ΔɻTd
ͷૢ࡞͸෭֨ࢠ A,B Λෆมʹอͪɺ{I|b}͸෭֨ࢠΛೖΕସ͑Δɻ
τ± = τz ± iτx ͱఆٛ͢Δͱɺτ±,z ͸ҎԼͷΑ͏ʹม׵͢Δɻ
T : τ±A/B → τ∓A/B , τyA/B → −τyA/B , (2.7)
{I|b} : τx,y,zA/B → τx,y,zB/A , (2.8)
IC4z : τ
±
A/B → τ∓A/B , τyA/B → −τyA/B , (2.9)
σ110 : τ
±
A/B → τ∓A/B , τyA/B → −τyA/B , (2.10)
C3 : τ
±





ਤ 2.1: Ґ૬ θ ͱடংม਺ͷܗঢ়ɻ[53]ΑΓసࡌɻ
ม਺͸ɺ
φu ≡ ⟨τ+A ⟩+ ⟨τ+B ⟩ ≡ |φu|eiθu , (2.12)
φs ≡ ⟨τ+A ⟩ − ⟨τ+B ⟩ ≡ |φs|eiθs (2.13)
Ͱ͋Δɻఴࣈ A,B ͸ 2 ͭͷ෭֨ࢠΛද͠ɺu, s ͸ͦΕͧΕ uniformɺstaggered ʹ༝དྷ
͢Δɻடংม਺ͷҐ૬ θ ͸ɺθ = lπ/6, l = 0, 1 · · · 6 · · · 11 ͸ 3z2 − r2, z2 − x2, 3x2 −
r2, x2 − y2, 3y2 − r2, y2 − z2,−(3z2 − r2) · · · ʹରԠ͢Δ (ਤ 2.1)ɻ
ࣗ༝ΤωϧΪʔ
ࣗ༝ΤωϧΪʔΛடংม਺ͷϕΩͰల։͢Δɻࣗ༝ΤωϧΪʔΛɺڧ͓Αͼ൓ڧతடং
͔Βͷد༩ Fφu , Fφs ͱͦΕΒͷ૬ޓ࡞༻ Fint ʹΘ͚ɺ֤ʑΛ౳ํతͳ 2, 4࣍ٴͼҟํత
ͳ߲ͷ࠷௿࣍·Ͱల։͢Δͱɺରশੑ͔Βڐ͞ΕΔ߲͸ҎԼͰ༩͑ΒΕΔ (෇࿥ B)ɻ
F = F0 + Fφu + Fφs + Fint, (2.14)
Fφu = ruφ|φu|2 + v|φu|3 cos 3θu + cuφ|φu|4 + · · · , (2.15)
Fφs = rsφ|φs|2 + csφ|φs|4 + |φs|6(t+ w cos 6θs) + · · · , (2.16)











͜͜Ͱ͸ڧతடংͷ৔߹ʹ͍ͭͯߟ͑ΔɻڧతடংసҠ͸ v2 > 4ruφcuφ = 0 Ͱੜ
͡ɺθu ͸ v ߲ͷූ߸ʹΑܾͬͯ·Δɻv < 0 ͷ৔߹ɺθu = 2lπ/3ɺv > 0 ͷ৔߹
20





ΔΑ͏ʹɺφu ΛܾΊΔɻFφs ͷΈΛߟ͑Δͱɺڧடংͷ৔߹ͱҟͳΓɺw ͷਖ਼ෛʹΑͬ
ͯ OAF22 , O
AF
20 ྆ํ͕ՄೳͰ͋Γɺw < 0ͷ৔߹͸ O
AF
20 ɺw > 0ͷ৔߹͸ O
AF
22 ͕ղͱͳ




θu = −2θs,−2θs + π, . (2.19)







(A) OAF22 ͱدੜͨ͠ O
F
20 Ϟʔϝϯτͷடংɻ




(C) ڧతɺ൓ڧతͱ΋ʹ O20ɺO22 ͷઢܗ݁߹Ͱද͞ΕΔடংɻw, v,λ͕፰߅͢Δ৔߹













T I σx σy σz σ110 Cx2 Cy2 Cz2 C1102
Mz − + − − + − − − + −
Jz − − + + − + − − + −
Ez + − + + − + − − + −
OF20 + + + + + + + + + +
OF22 + + + + + − + + + −
OAF20 + − − − − + + + + −
O22AF + − − − − − + + + +
ද 2.1: ओͳରশૢ࡞ (ԣ) ͱ෺ཧྔ (ॎ) ͷม׵ੑɻූ߸͸෺ཧྔͷૢ࡞ʹର͢Δۮحੑ
Λද͢ɻ
͕ՄೳͳԠ౴Ͱ͋Δ*1ɻடংม਺ Z ʹΑͬͯܥͷରশੑ͕ഁΕɺԠ౴͕༠ى͞ΕΔ৔߹Λ
ߟ͑Δͱɺடং͕ͳ͍৔߹ͷܥͷରশૢ࡞ʹؔͯ͠ X ͱ Y Z ͕ಉ༷ʹม׵͞ΕΔ৔߹ʹ
Ԡ౴͕ੜ͡ಘΔɻZ ͕੒෼Λ΋ͭ৔߹ʹ͸ɺXiYjZk ͷઢܗ݁߹Ͱ࡞ΒΕΔط໿දݱͷ͏
ͪɺશରশදݱʹଐ͢Δ৔߹ʹԠ౴͕༠ى͞ΕΔɻຊݚڀͰ͸ɺ֎৔ͱͯ͠ి৔E ͱిྲྀ
J Λɺ෺ཧྔX ͱͯ͠ओʹ࣓ԽM ͱͦͷଞͷଟۃࢠϞʔϝϯτΛܭࢉ͢Δɻ఺܈ Td ͷ




ର͢ΔۮحੑΛද͢ɻ࣓Խɺి৔ɺిྲྀͷଞͷ੒෼ͷม׵ੑ͸ (x, y, z), (y, z, x), (z, x, y)
ͱ॥؀తʹೖΕସ͑Δ͜ͱͰಘΒΕΔɻM ͱ E ͸࣌ؒ൓సɺM ͱ J ͸ۭؒ൓సʹؔ
͢Δۮح͕ҟͳΔͨΊɺடং͕ڧతͰ͋Δ৔߹ʹ͸༠ى࣓Խ͸ੜ͡ͳ͍ɻடং͕൓ڧతͰ
͋Δ৔߹ʹ͸ɺடংม਺͸ۭؒ൓సʹؔͯ͠حͰ͋ΔͨΊɺJ ༠ىͷ࣓Խ͕ੜ͡ಘΔɻͦ
ͷํ޲ґଘੑ͸டংม਺ʹΑΓҟͳΔɻྫ͑͹ɺடংม਺͕ OAF22 ͷ৔߹ʹ͸ JzMzOAF22
͸͢΂ͯͷରশૢ࡞ʹؔͯ͠ۮͰ͋ΔͨΊʹ z ํ޲ͷిྲྀʹ z ํ޲ͷ࣓Խ͕༠ى͞ΕΔ






OAF20 (JxMx − JyMy), (2.20)
OAF22 (2JzMz − JxMx − JyMy) (2.21)





Ͱ͸ ! = 1ͱ͢Δɻ
2.2.1 ઢܗԠ౴ཧ࿦
ຊ߲Ͱ͸ɺܥʹର͢Δ֎৔ͷઢܗԠ౴Ͱͷ෺ཧྔ X ͷظ଴஋ ⟨X⟩ ΛٻΊΔҰൠతͳ
දࣜΛࣔ͢ɻຊ߲ͷཁ఺͸ɺ(ࣜ 2.40) Ͱి৔ʹΑΔ෺ཧྔͷԠ౴ؔ਺͕ಘΒΕΔ͜ͱͰ
͋Δɻ
ܥͷϋϛϧτχΞϯ Hɺີ౓ߦྻΛ ρͱ͢Δͱɺ෺ཧྔ X ͷظ଴஋͸
⟨X⟩ = Tr(ρX), (2.22)
ʹΑΓٻ·ΔɻϋϛϧτχΞϯͱີ౓ߦྻΛɺ֎৔ͷ࣍਺ʹΑͬͯ
H = H(0) +H(1) +H(2) + · · · , (2.23)






= [H, ρ], (2.25)
Ͱ༩͑ΒΕΔɻ֎৔ͷ࣌ؒґଘੑ͸ৼಈ਺ ω ʹΑΓ e−iωt Ͱද͞ΕΔͱ͢Δͱɺࠨลͷ 1
࣍ͷ߲͸ ωρ(1) ͱͳΔɻ͜͜Ͱɺt = −∞ʹ͓͍ͯ H = H(0) Ͱܥ͸೤ฏߧͰ͋ΔͨΊɺ
Im(ω) = δ > 0ͱແݶখͷڏ෦ δ Λಋೖ͢Δɻ֎৔ʹରͯ͠Ұ࣍ͷൣғͰ͸ɺϑΥϯɾϊ
ΠϚϯํఔࣜ͸,




n ɺݻ༗ঢ়ଶ |n⟩0 Λ༻͍ͯද͢ͱɺ
0 ⟨m|ρ(1)|n⟩0 =
ρ(0)n − ρ(0)m
E(0)n − E(0)m + ω + iδ
0 ⟨m|H(1)|n⟩0 , (2.27)
͕ಘΒΕΔɻ͜͜Ͱɺρ(0) ͸ H(0) ͷݻ༗ঢ়ଶͰର֯Խ͞Ε͓ͯΓɺ0 ⟨n|ρ(0)|n⟩0 = ρ(0)n
ͱͨ͠ɻઢܗԠ౴ͷൣғͰ ⟨X⟩͸








(ρ(0)n − ρ(0)m ) 0
⟨m|H(1)|n⟩0 0 ⟨n|X|m⟩0
E(0)n − E(0)m + ω + iδ
, (2.30)





(ρ(0)n − ρ(0)m ) 0
⟨m|Y |n⟩0 0 ⟨n|X|m⟩0







(fi − fj) ⟨j|Y |i⟩ ⟨i|X|j⟩
ϵi − ϵj + ω + iδ , (2.32)






(p+ eA)2 + V (r), (2.33)
ͱද͞ΕΔɻV (r)͸݁থͷϙςϯγϟϧͰ͋Δɻ֎৔ʹΑΔϋϛϧτχΞϯ͸Aʹ͍ͭ







(fn − fm) ⟨m|v|n⟩ ⟨n|X|m⟩













































ϵn − ϵm + ω + iδ , (2.40)




͸ɺ(ࣜ 2.42)ͷୈೋ߲ͰX =M ͱͨ͠΋ͷ͕ిྲྀ༠ى࣓ԽΛ༩͑Δ͜ͱͰ͋Δɻి৔
ʹର͢ΔϕΫτϧྔX ͷԠ౴Λߟ͑Δɻి৔ͷ j ੒෼ʹΑΔX ͷ i੒෼ͷԠ౴͸




ϵn − ϵm ·
XinmJ jmn
ϵn − ϵm + ω + iδ , (2.41)
ͱͳΔɻϵn͸ n൪໨ͷόϯυͷΤωϧΪʔɺfn͸ ϵnʹؔ͢ΔϑΣϧϛ෼෍ؔ਺ɺJ = ev
͸ిྲྀԋࢉࢠɺX(J )nm = ⟨n|X(J )|m⟩Ͱ͋Γɺ೾਺ͷఴࣈΛলུͨ͠ɻͳ͓ɺ͜ͷࣜ
͸ແݶখͷ δ ʹରͯ͠ಋ͔Ε͕ͨɺຊݚڀͰ͸ δ Λ༗ޮతͳࢄཚ཰ͱΈͳͯ͠༗ݶͷ஋Λ
༻͍Δɻω = 0ͷ৔߹Λߟ͑Δͱɺ









XinmJ jmnf ′n, (2.42)
25
ͱද͞ΕΔɻ͜͜Ͱɺ(fn − fm)/(En − Em) → ∂fn/∂En ≡ f ′n ͱͨ͠ɻ(ࣜ 2.42)ͷୈ
Ұ߲ͱୈೋ߲͸࣌ؒ൓సʹର͢Δۮح͕ҟͳΔɻ࣌ؒ൓స T Λ࡞༻͢ΔͱɺJ → −J





T αEXiEj = i
∑
nm
(T −1XT )imnJ jnm




(T −1XT )imnJ jnm




(T −1XT )inmJ jmn
(ϵn − ϵm)2 + δ2 (fn − fm), (2.45)
= αE(T −1XT )Ej , (2.46)










(T −1XT )inmJ jmnf ′n, (2.48)
























+ V (r) (2.50)
͜͜ͰɺV (r + a) = V (r)͸جຊฒਐϕΫτϧ aͷपظΛ࣋ͭϙςϯγϟϧͰ͋Δɻϒ
ϩοϗͷఆཧ͔Βɺपظܥͷݻ༗ঢ়ଶ͸ ψnq(r+a) = eiq·aψnq(r) Λຬͨ͢ɻ͜͜Ͱɺn
͸όϯυͷΠϯσοΫεͰ q ͸݁থӡಈྔͰ͋Δɻq ʹґଘͨ͠ϋϛϧτχΞϯΛɺϢχ
λϦม׵
H(q) = e−iq·rHeiq·r =
(pˆ+ !q)2
2m
+ V (r) (2.51)
ʹΑΓఆٛ͢ΔɻH(q)ͷݻ༗ঢ়ଶ unq(r) = ψnqe−iq·r ͸ unq(r + a) = unq(r)ͷपظ
ੑΛ΋ͭɻԋࢉࢠ O ʹରͯ͠ O(q) = e−iq·rOeiq·r Ͱఆٛ͢Δͱɺ
⟨ψn,q|O|ψm,q⟩ = ⟨un,q|O(q)|um,q⟩ (2.52)
ͱͳΓɺ݁থதͷిࢠঢ়ଶ͸ |unq⟩Ͱද͞ΕΔɻ
ɾ଎౓ԋࢉࢠ
଎౓ԋࢉࢠ͸ v = −i/![r, H]Ͱ͋Δ͔Βɺ೾਺දࣔͰ






















ϒϩοϗঢ়ଶ |ψnq⟩ = eiq·r |unq⟩ʹ࡞༻͢ΔҐஔԋࢉࢠ͸
rˆ = i∇qδnm −Amn,q (2.58)
ͱ༩͑ΒΕΔ (෇࿥ D)ɻ͜͜ʹɺAmn,q = −i ⟨um,q|∇q|un,q⟩͸ϕϦʔҐ૬ͱݺ͹ΕΔɻ
ҎԼόϯυ nͷϕϦʔҐ૬ Aq = Ann,q ͷੑ࣭Λड़΂Δɻ෇࿥ Dʹࣔ͢Α͏ʹɺϕϦʔ
Ґ૬͸ήʔδม׵ |ψq⟩ → eiθq |ψq⟩ʹରͯ͠ Aq → Aq + i∇θq ͱม׵͢Δɻ͢ͳΘͪɺ
ϕϦʔҐ૬͸ήʔδʹґଘ͢Δɻ͜Ε͸ɺҐஔ r දࣔͰͷ೾ಈؔ਺ |ψr⟩ ͷήʔδม׵
|ψr⟩ → eiθr |ψr⟩ ʹରͯ͠ϕΫτϧϙςϯγϟϧA(r)͕Ar → Ar + i∇θr ͱม׵͢Δ






⟨unq|∂H(q)/∂qµ|umq⟩ ⟨umq|∂H(q)/∂qν |unq⟩ − (ν ↔ µ)








dqw(q, t) |ψn(q)⟩ (2.60)








Λ೾ଋͷม਺ͱͯ͠ද͢͜ͱ͕Ͱ͖Δɻ࠷௿࣍Ͱ͸ |w(q, t)|2 ͸ δ(q− qc)ͱۙࣅ͞ΕΔɻ
͜ͷۙࣅʹΑΓ q ͷ೚ҙͷͳΊΒ͔ͳؔ਺ f(q)ʹ͍ͭͯ∫
dqf(q)|w(q, t)|2 ∼ f(qc) (2.62)
ͱͳΔɻҎԼ͜ͷۙࣅΛ༻͍ɺqc Λม਺ͱ͢Δ͕ɺఴࣈ cΛলུͯ͠ q ͱه͢ɻ
(2) ೾ଋ͸࣮ۭؒͰ࣭ྔத৺ rc = ⟨W0|r|W0⟩ͷपΓʹہࡏ͍ͯ͠Δɻ
rˆ = i∇q −An Λ୅ೖ͢Δͱɺrc ͸࠷௿࣍ͷۙࣅͰɺ
rc = − ∂
∂qc
argw(qc, t) +Anqc (2.63)










⟨W0|(r − rc)× v|W0⟩
= −i e
2! ⟨∇qu|× [H(q)− ϵ(q)]|∇qu⟩ (2.64)






















Ͱ༩͑ΒΕΔɻβ = 1/kBT ͸ٯԹ౓ɺkB ͸ϘϧπϚϯ܎਺Ͱ͋ΔɻୈҰ߲͸ɺ೾ଋத৺
ͷࣗݾճసʹΑΔد༩ɺୈೋ߲͸೾ଋͷॏ৺ӡಈʹΑΔد༩Ͱ͋Δ (ਤ 2.2)ɻ
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f(ϵk){m(k) + e! (ϵF − ϵk)Ω} (2.66)
ͱද͞ΕΔɻి৔ΛҹՃͨ͠ͱ͖ͷ෼෍ؔ਺ΛϘϧπϚϯۙࣅͰ f(ϵk) = f (0)(ϵk) +
eτE · vkf (0)′ ͱ͢Δɻf (0) ͸֎৔͕ͳ͍ฏߧঢ়ଶͰͷϑΣϧϛ෼෍ؔ਺ɺϵF ͸ϑΣϧϛ
ΤωϧΪʔɺτ ͸؇࿨࣌ؒͰ͋ΔɻόϯυΠϯσοΫεΛলུͨ͠ɻ࣌ؒ൓సରশੑ͕͋






f (0)′(ϵk){m(k) + e! (ϵF − ϵk)Ω}vk ·E (2.67)





















ϑΣϧϛ໘Ͱٯූ߸ɺيಓ࣓ؾϞʔϝϯτ͸ಉූ߸Ͱ͋ΔɻMz = αzzEz Ͱఆٛ͞ΕΔɺ





























༩Λ͍ͯ͠Δ͜ͱ͕Θ͔ΔɻҰൠʹ͸ɺԠ౴ؔ਺ αspin ͱ αorb ͷεέʔϧ͸େ͖͘ҟͳ
ΔՄೳੑ͕͋Δɻεϐϯ࣓ؾϞʔϝϯτ͸໛ܕͷৄࡉʹΑΒͣϘʔΞ࣓ࢠ µB = e!/2me
͕جຊ୯ҐͱͳΔɻ͜͜Ͱɺme ͸ిࢠͷ࣭ྔͰ͋Δɻيಓ࣓ؾϞʔϝϯτͷجຊ୯Ґ
͸ܥͷΤωϧΪʔɺ௕͞ͷجຊ୯Ґʹґଘ͠ɺڧଋറ໛ܕͰ͸ϗοϐϯάΤωϧΪʔ
tɺ֨ࢠఆ਺Λ a Λ༻͍ͯ eta2/! ͕يಓ࣓ؾϞʔϝϯτͷجຊ୯ҐͱͳΔɻ྆ऀͷൺ͸
morb/mspin = 2mea2t/!2 = 2(mec2)ta2/(!c)2 ͱͳΔɻmec2 = 500 keV, !c = 2 keV
A˚Ͱ͋Γɺ໛ܕͷύϥϝʔλΛ t ∼ 2 eV, a ∼ 10 A˚ͱ͢Δͱɺmorb/mspin ∼ 50 ͱͳΓɺ







ຊઅͰ͸ہࡏϞʔϝϯτͷ Γ3 ࣗ༝౓ͱ݁߹͢Δɺ఻ಋిࢠͷ Γ8 ໛ܕΛಋೖ͢Δɻຊ
અͰѻ͏఻ಋిࢠܥͱہࡏϞʔϝϯτͱͷ૬ޓ࡞༻ʹ͍ͭͯ͸ୈ 5ষͰड़΂Δɻ
1.2 અͰड़΂ͨΑ͏ʹ f2 ిࢠͷ݁থ৔جఈ͕ Γ3 ࣗ༝౓Λ΋ͭ৔߹ɺΓ8 ࣗ༝౓ͷ఻ಋ
ిࢠͱࠞ੒Ͱ͖Δɻ͜͜Ͱ͸ɺΓ8 ࣗ༝౓Λ΋ͭ୯७ͳ໛ܕͱͯ͠ɺp ిࢠ͔Βڧଋറۙ
ࣅ໛ܕΛߏ੒͠ɺεϐϯيಓ݁߹ λL · S ͕े෼େ͖͍ͱͯ͠ɺJ = 3/2ͷ෦෼ۭؒͷΈ
Λѻ͏ɻJ = 3/2 ͸ཱํରশͰ Γ8 දݱͱͳΔɻΓ8 ࣗ༝౓͸௚ੵ Γ8 = Γ3 ⊗ Γ6 ͱද͢
͜ͱ͕Ͱ͖ɺ|Jz| = 3/2, 1/2͕ Γ3ɺJz ͷූ߸͕ Γ6 ࣗ༝౓ͱͳΔɻ(|−3/2⟩ , |1/2⟩)ٴͼ
(|3/2⟩ , |−1/2⟩) ͕ Γ3ɺ(|−3/2⟩ , |3/2⟩) ٴͼ (|1/2⟩ , |−1/2⟩) ͕ Γ6 ࣗ༝౓ͷجఈͱͳΔ







H(k) =(Ekτ0σ0 + η′k · στy + dk · τσ0)γ0
+(∆Rek τ
0σ0 + ηRek · στy + d′Rek · τσ0)γx
+(∆Imk τ
0σ0 + ηImk · στy + d′Imk · τσ0)γy (3.2)
͜͜Ͱɺa(†)nk ͸يಓදࣔͷফ໓ (ੜ੒)ԋࢉࢠɺσ͸ Γ6 ࣗ༝౓ɺτ ͸ Γ3 ࣗ༝౓ɺγ ͸෭֨
32
ࢠࣗ༝౓ʹ࡞༻͢Δύ΢ϦߦྻͰ͋Γɺm,n͸୯Ґ๔͋ͨΓͷ 2× 2× 2 = 8ࣗ༝౓ͷ࿨






































































|) + h.c., (3.8)
























































(ϵx + ϵy + ϵz), (3.13)




























































3(−ϵ′x + ϵ′y), ϵ′x + ϵ′y − 2ϵ′z). (3.18)
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εϨʔλʔɾίελʔύϥϝʔλͰ͋Γɺ֨ࢠఆ਺Λ 1 ͱͨ͠ɻηImk ͸ k ͷحؔ਺Ͱ͋
Γɺ൓ڧ࢛ۃࢠடংԼͰ͜ͷ߲ʹ༝དྷͯ͠όϯυ͕ײ͡Δ༗ޮεϐϯيಓ૬ޓ࡞༻͕ੜ͡
































































σ, τ ͔Β 4 × 4 = 16 ݸͷଟۃࢠϞʔϝϯτ͕ಘΒΕΔɻిؾ୯ۃࢠΛআ͘ଟۃࢠͷ
ط໿දݱͱύ΢Ϧߦྻͷؔ܎͸ҎԼͷΑ͏ʹͳΔ*2ɻ͜͜Ͱɺξ± = − 12 (τx ±
√
3τz),
η± = 12 (±
√
3τx − τz) Ͱ͋Δɻ
*1 ֤αΠτͷہॴ఺܈͸ Td Ͱ͋Γɺۭؒ܈ͷରশૢ࡞͸ Td ͷରশૢ࡞ 24 ݸͱͦΕʹۭؒ൓సͱ
(1/4, 1/4, 1/4) ͷฒਐΛͨ͠શ 48 ݸ (ٴͼجຊฒਐͷੵ) Ͱ͋Δɻฒਐ෦෼Λআ͘ͱ Oh ͷରশૢ࡞ͱ
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ͱͳΔ (ৄࡉ͸ୈ 5ষ)ɻ͜͜ͰɺQµ ͸ہࡏ࢛ۃࢠϞʔϝϯτɺγ˜ ͸ہࡏϞʔϝϯτͷ෭
֨ࢠࣗ༝౓ʹ࡞༻͢Δύ΢Ϧߦྻɺµ = (x, z), ν = 0, zɺJQ ͸૬ޓ࡞༻ͷ܎਺Ͱ͋Δɻ
ୈ 4ষͰ͸ɺJQ⟨Qµγ˜z⟩Λύϥϝʔλʔͱͯ͠༩͑Δɻ
Ұக͢Δɻ
*2 J,O, T ͸ͦΕͧΕ࣓ؾ૒ۃࢠɺిؾ࢛ۃࢠɺ࣓ؾീۃࢠΛද͢ɻJx,y,z ͱ T 4ux,y,z ͸ Oh ͷಉ͡ط໿ද























1 1 −0.3 0.5 −0.15 0.1 −0.03
2 1 −0.3 0.08 −0.024 0 0
ද 4.1: ຊݚڀͰ༻͍Δϗοϐϯάύϥϝʔλʔɻ















ਤ 4.1: ໘ ৺ ཱ ํ ֨ ࢠ ͷ ϒ Ϧ
ϧ Ξ ϯ κ ʔ ϯ ɻߴ ର শ ఺ ͸
X(2π, 0, 0)ɺW (2π,π, 0)ɺL(π,π,π)ɺ












Γ Z W L Γ K X W
E
ਤ 4.2: ύϥϝʔλʔ No. 1 Ͱடং͕ͳ
͍৔߹ͷόϯυߏ଄ɻ
খ͍͞டং∆ ≡ JQ⟨Qµ⟩γz = 0.05ΛՃ͑ͨ৔߹ɺਤ 4.4͸ No. 1ʹେ͖͍டং∆ = 2.0
ΛՃ͑ͨ৔߹ͷ෼ࢄΛࣔ͢ɻடংͱͯ͠൓ڧ O22(µ = x)டংͱڧ O20(µ = z)டংΛߟ



























ਤ 4.3: ύϥϝʔλʔ No. 1 ʹடংʹΑ















ਤ 4.4: ύϥϝʔλʔ No. 1 ʹடংʹΑ









Γ Z W L Γ K X W
E








Mi = αijEj = βijJj Ͱఆٛ͞ΕΔɺి৔ E ʹର͢Δ࣓ԽM ͷ܎਺ αٴͼిྲྀ J ʹର
͢Δ܎਺ β Λࣔ͢ɻيಓ࣓ԽʹΑΔد༩͸ (ࣜ 2.67)Λɺݪࢠيಓͷ֯ӡಈྔʹΑΔد༩

























ҎԼɺຊઅΛ௨ͯ͠Թ౓͸ T = 0.01Ͱ͋Γɺੵ෼͸ϒϦϧΞϯκʔϯΛ 256× 256× 256
ݸʹ෼ׂͯ͠࿨ΛͱͬͨɻҎԼɺஅΒͳ͍ݶΓɺϗοϐϯάύϥϝʔλ͸ No. 1Ͱ͋Δɻ
4.2.1 ిྲྀ༠ى࣓Խͷҟํੑ
·ͣɺిྲྀ༠ى࣓Խͷํ޲ґଘੑʹ͍ͭͯड़΂Δɻਤ 4.7 ͸ ∆ = 1ɺµ = −0.6Ͱɺి
ྲྀͱฏߦํ޲ʹੜ͡Δిྲྀ༠ىيಓ࣓Խͷి৔ʹର͢Δ܎਺ α∥ ͷిྲྀํ޲ґଘੑͰ͋
ΔɻOAF20 டংม਺ͷ৔߹ɺڸө σ
110 ͕ରশૢ࡞Ͱ͋ΔͨΊɺx = y ໘಺ͷిྲྀʹؔͯ͠
࣓Խ͸ੜ͡ͳ͍ɻOAF22 டংม਺ͷ৔߹ɺ{C1102 |b}͕ରশૢ࡞Ͱ͋ΔͨΊɺ*1xy ໘಺ͰҰ






Δ௚ײతͳཧ༝Λߟ࡯͢Δɻਤ 4.8(a)ʹ OAF22 டংԼͰͷిՙ෼෍Λ zํ޲͔ΒݟͨਤΛ
ࣔ͢ɻਤத਺ࣈ͸ z࠲ඪΛɺ৭͸ిՙͷਖ਼ෛΛද͢ɻz࣠ਖ਼ͷ޲͖ʹԊͬͯಉ͡ූ߸Λͨ
ͲΔͱӈճΓɺࠨճΓͷΒͤΜߏ଄ͱͳ͍ͬͯΔɻ఻ಋిࢠ͸͜ͷΑ͏ͳϙςϯγϟϧΛ







ਤ 4.8: (a) OAF22 டংԼͰͷిՙ෼෍Λ z ํ޲͔Βݟͨਤɻ৭͸ిՙ෼෍ͷਖ਼ෛΛද͢ɻ
z ࣠ਖ਼ͷํ޲ʹ࠷ۙ઀Ͱಉ͡ූ߸ΛͨͲΔͱɺ੨ͷ৔߹ࠨճΓɺ੺ͷ৔߹ӈճΓͱͳΔɻ
(b) ඇ౳ՁͳιϨϊΠυͷΠϝʔδਤɻӈר͖ɺࠨר͖ͷιϨϊΠυͰిྲྀΛ୲͏ిࢠͷ











͓Γ (P (r)͸Ґஔ r Ͱͷ෼ۃɺ∇z ͸∇ͷ zํ޲΁ͷࣹӨ)ɺi∇ → k ͱͯ͠೾਺ۭؒ
ͱରԠ෇͚Δͱ kzMz ͱͳΔɻzํ޲ʹి৔Λ͔͚Δͱిྲྀ͕ੜ͡ ⟨kz⟩͕༗ݶͱͳΔͨ
Ί࣓ԽMz ͕༠ى͞ΕΔ͜ͱ͕Θ͔Δɻਤ 4.8(c)ɺ(d)͸ OF20 டংԼͰͷిՙ෼෍Λ (c)x
ํ޲ɺ(d)yํ޲͔ΒݟͨਤͰ͋Δɻ(c)ͱ (d)Ͱ͸ిՙͷಉ͡ූ߸ͷΒͤΜͰɺճΔํ޲
͕ٯͰ͋Δɻ͜Ε͸ɺαxx ͱ αyy ͕ٯූ߸Ͱ͋Δ͜ͱͱ੔߹͢Δɻ
4.2.2 ݁Ռͷৄࡉ
ҎԼͰɺిؾ࣓ؾޮՌͷ਺஋ղੳͷৄࡉʹ͍ͭͯड़΂Δɻ·ͣɺਤ 4.9ʹ∆ = 0.3, µ =
1.0Ͱͷ֯ӡಈྔ Jz ͷϑΣϧϛ໘্Ͱͷ෼෍Λࣔ͢ɻடংม਺͕ OAF22 ͷ৔߹ʹ͸ kz ͷ
ਖ਼ෛͰ Jz ͷූ߸͕มΘΔ kzJz ܕͷ෼෍ͱͳ͍ͬͯΔɻҰํ OAF20 ͷ৔߹ʹ͸ɺkz ͷਖ਼
ෛͰූ߸͸มΘΔ͕ɺkz > 0ͷΈΛݟͯ΋ਖ਼ຯͷظ଴஋͸ͳ͍ɻ͜ͷ෼෍͸ɺυϨοηϧ
ϋ΢εܕ kz(k2x− k2y)Jz ͱͳ͍ͬͯΔɻ͜Ε͸ɺOAF20 டংม਺ͷ 3࣍ͱ݁߹͢Δ (෇࿥ B
ࢀর)ɻ͜ͷ෼෍͔Βɺి৔ʹΑͬͯϑΣϧϛ໘͕ zํ޲ʹͣΕͨ৔߹ʹɺOAF22 ԼͰ͸ z
ํ޲ͷ࣓Խ͕༠ى͞ΕɺOAF20 டংԼͰ͸༠ى͞Εͳ͍͜ͱ͕Θ͔Δɻ
࣍ʹɺடংม਺Λݻఆͨ͠ͱ͖ͷɺԽֶϙςϯγϟϧʹର͢Δ α ͷيಓ࣓ԽʹΑΔد
༩Λਤ 4.10-4.11 ʹࣔ͢ɻҰൠ࿦ʹ͕ͨͬͯ͠ɺO20 ͷ৔߹ʹ͸ αzz = 0,αxx = −αyyɺ







ਤ 4.9: ϑΣϧϛ໘্Ͱͷ Jz ͷ෼෍ɻ(a) OAF22 ɺ(b) O
AF
20 டংɻύϥϝʔλ No. 1Ͱ




































































































ϧ͸ µ = −1ɻ
Δɻಛʹɺµ ∼ 0.2, 1.3෇ۙͰͷϐʔΫҐஔ͸ਤ 4.3Ͱͷ Γ఺ͷϫΠϧ఺ͷΤωϧΪʔͱ
ରԠ͢Δɻ·ͨɺµ ∼ −0.7෇ۙͷϐʔΫ͸ Γ-K ઢ্ͰͷϫΠϧ఺ʹɺµ ∼ −1.7ͷϐʔ
Ϋ͸ X ఺ͰͷϫΠϧ఺ʹରԠ͍ͯ͠Δɻ͜ͷΑ͏ʹɺϑΣϧϛ໘͕ϫΠϧ఺ΛؚΉ৔߹
ʹ͸يಓ࣓Խ͕େ͖͘ͳΔɻ






















































டংม਺͸ O20 Ͱେ͖͞͸ ∆ = 0.1ɻgJ
͸ϥϯσͷ̶ҼࢠͰ͋Δɻ
֓ͶઢܗʹมԽ͢Δ͜ͱ͔Βɺݱ࣮తͳύϥϝʔλͷ৔߹ʹੜ͡Δ࣓Խͷେ͖͞Λݟੵ΋
Δ͜ͱ͕Ͱ͖Δɻ൓ڧ࢛ۃࢠடংͷసҠԹ౓͸ ∼ 1 Kఔ౓Ͱɺ఻ಋిࢠͷΤωϧΪʔ͸ 1
eVఔ౓ͷΦʔμʔͰ͋Δ͔Βɺ∆ ∼ 10−4 ͕ݱ࣮తͳ஋Ͱ͋Δɻ2.3અʹड़΂ͨΑ͏ʹɺ
يಓ࣓Խͷ୯Ґ͸ e2t111ppστE/!2 (e ͸ૉిՙɺτ ͸؇࿨࣌ؒɺ! ͸׵ࢉϓϥϯΫఆ਺ɺE
͸ి৔ͷେ͖͞)Ͱ͋Δɻt111ppσ = 2 eVɺτ = 10






༩ͱͳΔɻO20 டংͷ৔߹Ͱɺ∆ ∼ 1෇ۙͰ͸ɺ֯ӡಈྔʹΑΔد༩͕ࢧ഑తʹͳΔɻ
يಓ࣓Խͱిྲྀͷൺ β =M/J Λਤ 4.16-4.17ʹࣔ͢ɻيಓ࣓Խͱిྲྀͷൺ͸ɺݹయి
࣓ؾֶͷιϨϊΠυͱͷྨਪ͔Βɺ୯Ґ๔͋ͨΓͷר਺ʹରԠ෇͚ΒΕΔ [50]ɻ∆ ∼ 0.5
Ͱ͸୯Ґ๔͋ͨΓ 0.1 ճఔ౓ͷר਺ͱͳΔɻਤ 4.16-4.17 ͷடংม਺ґଘੑ͸ɺα(ਤ
4.12-4.13)ͷ৔߹ͱ΄ͱΜͲಉ͡Α͏ʹৼΔ෣͏͕ɺܥ͕ϫΠϧ൒ۚଐʹ͍ۙ৔߹ʹ͸ɺ
αͱ β ͷৼΔ෣͍͕ҟͳΓɺβ ͕େ͖ͳҟํੑΛ࣋ͭ৔߹͕͋Δɻ
ϫΠϧ൒ۚଐʹ͍ۙύϥϝʔλ (ਤ 4.5ͷ΋ͷ)Ͱͷ αٴͼ β ͷيಓ࣓ԽʹΑΔد༩ͷ
*4 ඪ४తͳ SQUID ଌఆػثͰ͋Δ Quantum Design ࣾͷ MPMS Ͱ͸ଌఆ࠷௿Թ౓͸ 1.8 K Ͱ͋Γɺ




























































































ԽֶϙςϯγϟϧґଘੑΛਤ 4.18-4.19ʹࣔ͢ɻα͸ϫΠϧ൒ۚଐʹۙ͘ͳΔ µ ∼ −1.04
෇ۙͰมԽ͕খ͘͞ɺͦͷલޙͰେ͖͘มԽ͢Δɻ͜Ε͸ɺµ ∼ −1.04ͷϫΠϧ఺͸ୈೋ
छϫΠϧ఺Ͱ͋Γيಓ࣓Խ΁ͷد༩͕খ͘͞ɺͦͷલޙʹ͋ΔϫΠϧ఺͸ୈҰछϫΠϧ఺
Ͱɺيಓ࣓Խʹେ͖͘د༩͢ΔͨΊͰ͋Δͱߟ͑ΒΕΔɻҰํͰɺβ ͸ µ ∼ −1.04ʹӶ
͍ϐʔΫΛ࣋ͭɻ·ͨɺβxx = βyy ͕ βzz ʹൺ΂ͯඇৗʹେ͖͘ͳΔɻ͜Ε͸ిؾ఻ಋ౓


















































ͷͰ͋Γɺz ํ޲ʹ͸ઢܗ෼ࢄɺx, y ํ޲ʹ͸ೋ࣍෼ࢄͱͳΔ͜ͱʹΑΔ (෇࿥ G)ɻ࠷ޙ
ʹɺ֯ӡಈྔʹΑΔ α΁ͷد༩Λࣔ͢ɻαzz ΛݟΔͱɺϫΠϧ఺෇ۙͰۮؔ਺తʹৼΔ෣
͍ɺيಓ࣓ԽʹΑΔد༩ (ਤ 4.18)͕حؔ਺తʹৼΔ෣͏͜ͱͱରরతͰ͋Δɻ













ԹͰͷ෺ੑ͸ओʹ݁থ৔جఈঢ়ଶͰ͋Δ Γ3 ೋॏ߲ |Γ3u⟩ , |Γ3v⟩ Ͱهड़͞ΕΔɻ2.1 અʹ




͑Δɻط໿දݱ Γµ,Γν(µ, ν = 1, 3, 4, 5) ʹଐ͢Δঢ়ଶ |Γµα⟩ , |Γνβ⟩ ͔ΒಘΒΕΔଟۃࢠ
ϞʔϝϯτΛߟ͑Δɻ͜͜Ͱɺα,β ͸ 2ॏ߲ (Γ3)ɺ3ॏ߲ (Γ4,5)ͷجఈͰ͋Δɻߦྻཁૉ
͕ |µ,α⟩ ⟨ν,β|͸ద౰ͳઢܗ݁߹ΛͱΔͱɺ௚ੵ Γµ ⊗ Γν ʹදΕΔط໿දݱͷ͍ͣΕ͔ʹ
ଐ͢Δɻ͜ͷ͏ͪɺΓ3 ʹଐ͢Δ΋ͷ͕࢛ۃࢠϞʔϝϯτΛߏ੒͢Δɻµ = 3, ν = 1, 3, 4, 5
Ͱ௚ੵʹ Γ3 ͕ݱΕΔ΋ͷ͸ɺν = 1, 3ͷΈͰ͋Δ (෇࿥ B)ɻ͕ͨͬͯ͠ɺΓ3 ೋॏ߲ʹՃ




⎛⎝0 1 01 0 a
0 a 0
⎞⎠ , Qz =
⎛⎝1 0 a0 −1 0
a 0 0
⎞⎠ (5.1)

























(Qµis)pq |i, s, p⟩ ⟨i, s, q| . (5.5)
͜͜Ͱ a(†)insσ ͸఻ಋిࢠͷফ໓ (ੜ੒)ԋࢉࢠɺµ = x, zɺσ =↑, ↓͸ٖεϐϯɺn,m = u, v,
p, q = |Γ1,3u,3v⟩͸ Γ3 ͷجఈɺi͸୯Ґ๔ɺs = A,B ͸෭֨ࢠͷࣗ༝౓ʹର͢ΔఴࣈͰ͋
ΔɻہࡏϞʔϝϯτͷϋϛϧτχΞϯͷجఈ͸ (|Γ3u⟩ , |Γ3v⟩ , |Γ1⟩)Ͱ͋ΓɺΓ3 جఈঢ়ଶ
ͷΤωϧΪʔΛ 0ͱͨ͠ɻہࡏϞʔϝϯτͱ఻ಋిࢠͷ૬ޓ࡞༻Λฏۉ৔ۙࣅͰѻ͏ͱϋ
ϛϧτχΞϯ͸ҎԼͷΑ͏ʹͳΔɻ




















͜͜Ͱɺα,β ͸ (u, v)⊗ (↑, ↓)⊗ (A,B)ɺH(k)͸ 3.1અͰఆٛͨ͠΋ͷɺN ͸୯Ґ๔ͷ
਺ɺτ˜µA,B = τ
µ(γ0 ± γz)/2ɺ⟨· · · ⟩͸೤ྗֶతظ଴஋Ͱɺ


















Ͱ͋Δɻϵnk ͸HMFcon ͷ೾਺ kͰͷ n൪໨ͷόϯυͷΤωϧΪʔɺf ͸ϑΣϧϛ෼෍ؔ਺ɺ
Ejs (j = 1, 2, 3)͸ HMFloc ͷ͋ΔαΠτͷ෭֨ࢠ sͰͷ j ൪໨ͷΤωϧΪʔɺβ = 1/kBT
͸ٯԹ౓ɺkB ͸ϘϧπϚϯఆ਺Ͱ͋ΔɻܥͷશΤωϧΪʔ͸ҎԼͰ༩͑ΒΕΔɻ
Etot = Econ + Eloc −NJQ
∑
sµ














ํੑ͸ Hloc ͷݻ༗஋ʹදΕΔ͸ͣͰ͋ΔɻJQ(⟨τz, τx⟩) = J˜(cos θ, sin θ)ͱ͓͖ɺΓ3 ϒ
ϩοΫΛର֯Խ͢Δͱɺݻ༗ঢ়ଶ͸
|Γ3+⟩ = cos θ
2
|Γ3u⟩ − sin θ
2
|Γ3v⟩ (5.15)







⎛⎝ J˜ 0 aJ˜ cos 3θ20 −J˜ aJ˜ sin 3θ2











































Խֶϙςϯγϟϧ µ ͱ૬ޓ࡞༻ఆ਺ JQ ʹର͢Δடংม਺ͷ૬ਤΛਤ 5.1ʹࣔ͢ɻ఻ಋ
ిࢠͷύϥϝʔλ͸No. 1Ͱ͋ΓɺہࡏϞʔϝϯτͷύϥϝʔλ͸E1 = 0.1, a =
√
35/2ɺ






͕ OF20 ͱͳΔ͜ͱ͸ 2.1અͰͷٞ࿦ͱ੔߹͢Δɻ൓ڧ࢛ۃࢠடংͷடংม਺͸ O
AF
22 Ϟʔ





































ਤ 5.3: ߴରশઢͰͷײड཰ɻµ = 0.0
5.2.2 ײड཰
ຊ߲Ͱ͸ɺ఻ಋిࢠͷײड཰ʹ͍ͭͯٞ࿦͢Δɻ૬ޓ࡞༻͕ͳ͍৔߹ͷײड཰ͷৼΔ
෣͍Λݟͯɺฏۉ৔ۙࣅͷղͱͷؔ܎Λߟ͑ΔɻҎԼɺԹ౓͸ T = 0.01ɺϗοϐϯάύ
ϥϝʔλʔ͸ No. 1Ͱ͋Δɻਤ 5.2ʹ q = 0ͰͷԽֶϙςϯγϟϧʹର͢Δײड཰Λࣔ
͢ɻਤதͰɺFQɺAFQɺFMɺAFM͸ͦΕͧΕ τx,zɺτx,zγzɺσx,y,zɺσx,y,zγz ͷײड
཰Λද͢ɻײड཰ʹҟํੑ͸ͳ͘ɺO22 ͱ O20 ͸۠ผ͞Εͳ͍ɻԽֶϙςϯγϟϧ (ϑΟ





ͳΔɻײड཰͸ࣗ༝ΤωϧΪʔ F Λடংม਺ͱڞ໾ͳ৔ (ฏۉ৔ۙࣅͷൣғͰ͸ 4.1અͰ
ͷ)∆Ͱ 2֊ඍ෼ͨ͠ɺ∂2/∂∆2 Ͱ༩͑ΒΕΔɻ1࣍ͷ܎਺͸ 0Ͱ͋Δ͔ΒɺடংʹΑΔ
ΤωϧΪʔͷརಘ͕େ͖͍৔߹ʹײड཰͕େ͖͘ͳΔɻ͜͜Ͱ༻͍ͨύϥϝʔλͰ͸όϯ
υͷ࠷খ (࠷େ)͸ L఺෇ۙʹ͋ΔͨΊ (4.2)ɺϑΟϦϯά͕খ͍͞ (େ͖͍)ྖҬͰ͸൓
ڧ࢛ۃࢠͷײड཰͕େ͖͘ͳΔɻΓ఺͸ µ ∼ 0.2෇ۙͱ µ ∼ 1.3෇ۙʹ͋Δɻ͜ͷΤωϧ
Ϊʔʹ͸ X ఺΍W ఺෇ۙʹ΋ϑΣϧϛ໘͕͋ΔͨΊɺ؆୯ʹ͸ཧղͰ͖ͳ͍ɻͨͩ͠ɺ



























Γ Z W L Γ K
χ 
          FQz
          AFQz
          FQx
          AFQx
          FMz
          AFMz
ਤ 5.5: ߴରশઢͰͷײड཰ɻµ = 0.5
͕େ͖͍ͨΊɺ൓ڧϞʔϝϯτͷ΄͏͕རಘ͕େ͖͍ͱߟ͑ΒΕΔɻ
࣍ʹɺߴରশͳ೾਺Ͱͷײड཰Λਤ 5.3-5.5ʹࣔ͢ɻ͜͜Ͱͷڧ (FQ)ɺ൓ڧ (AFQ)͸
෭֨ࢠʹ͍ͭͯରশɺ൓ରশͷ۠ผͰ͋Δɻ
µ = 0Ͱ͸ڧ࢛ۃࢠײड཰͕ɺµ = 0.5Ͱ͸൓ڧ࢛ۃࢠײड཰͕ q = 0Ͱ࠷େͱͳΓɺ
ଟۃࢠடং͕ظ଴͞ΕΔɻµ = −2.0Ͱ͸ q = 0Ͱͷ൓ڧ࢛ۃࢠײड཰ͱ q = X Ͱͷ࢛
ۃࢠײड཰͕ಉ͡ఔ౓ͷେ͖͞Ͱ͋Γɺµ = −2.0Ͱ͸ɺL఺ΛғΉখ͞ͳϑΣϧϛ໘͕
͋Γɺq = X ͰͷϐʔΫ͸ωεςΟϯάΛ൓ө͍ͯ͠ΔɻຊݚڀͰ͸ɺฏۉ৔ղͷީิ
ͱͯ͠ q = 0ͷ࢛ۃࢠடংͷΈΛߟྀ͕ͨ͠ɺҰൠͷடংΛߟ͑Δͱɺq = X ͷ൓ڧ࢛
ۃࢠடং΍࣓ؾடং͕ੜ͡ΔՄೳੑ͕͋Δ*1ɻ














͖͘ͳΔ͜ͱΛݟͨɻୈ 5ষͰɺ࢛ۃࢠۙ౻֨ࢠ໛ܕΛಋೖ͠ɺq = 0ͷடংม਺ΛԾఆ



















ຊ෇࿥Ͱ͸ɺଟۃࢠΛهड़͢ΔଟۃࢠԋࢉࢠΛఆٛ͢Δɻຊ߲ͷ಺༰͸จݙ [1, 59] ʹ
ΑΔɻ



































+ 2s) ·∇(rlZlm(rˆ)∗). (A.4)
͜͜Ͱɺl, s͸يಓɺεϐϯ֯ӡಈྔԋࢉࢠͰ͋Δɻଟۃࢠԋࢉࢠͷݻ༗֯ӡಈྔͰͷߦ
ྻཁૉ
⟨J, Jz|Qˆlm|J, J ′z⟩ (A.5)
Λܭࢉ͢ΔͨΊʹɺStevens ͷ౳Ձԋࢉࢠ๏ʹ͍ͭͯड़΂Δɻٿ໘ௐ࿨ؔ਺ΛҰൠԽ͠
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ͯɺ*1࣍ͷަ׵ؔ܎Λຬͨ͢ 2k+1ݸͷ੒෼Λ࣋ͬͨԋࢉࢠ T (k)q Λߟ͑Δ (−k ≤ q ≤ k)ɻ
[Jz, T
(k)
q ] = qT
(k)
q , (A.6)
[J±, T (k)q ] =
√
(k ∓ q)(k ± q + 1)T (k)q±1, (A.7)
(A.8)
͜ͷͱ͖ɺT (k)q Λ֊਺ k ͷط໿ςϯιϧԋࢉࢠͱݺͿɻJz, J± = (Jx ± iJy)/
√
2͸શ֯
ӡಈྔͷ z ੒෼ͱɺz ੒෼ʹର͢Δঢ߱ԋࢉࢠͰ͋ΔɻWigner-Eckartͷఆཧ͔Β֯ӡಈ
ྔͷجఈʹΑΔ T (k)q ͷߦྻཁૉ͸ҎԼͰ༩͑ΒΕΔɻ
⟨J, Jz|T kq |J ′J ′z⟩ = ⟨J ||T (k)||J ′⟩
⟨J, Jz|J ′J ′zkq⟩√
2J + 1
, (A.9)
͜͜Ͱ ⟨J, Jz|J ′J ′zkq⟩ ͸ΫϨϒγϡɾΰϧμϯ܎਺Ͱ͋Γɺ⟨J ||T (k)||J ′⟩ ͸ؐݩߦྻཁ
ૉͱݺ͹Ε Jz, J ′z, q ʹ͸ґଘ͠ͳ͍ɻ֯ӡಈྔͰߏ੒ͨ͠ k ֊ͷط໿ςϯιϧԋࢉࢠΛ
J (k)q ͱ͢Δͱɺ͜Ε͸ҎԼͰ༩͑ΒΕΔɻ




J (k)+ . (A.10)
J− ͱͷަ׵ؔ܎͔Βɺq = k − 1, k − 2, · · ·− k ͕ٻ·ΔɻJ (k) ͷؐݩߦྻཁૉ͸ҎԼͰ
༩͑ΒΕΔɻ
⟨J ||J (k)||J ′⟩ = 1
2k
√
(2J + k + 1)!
(2J − k)! . (A.11)
֯ӡಈྔ J ͷۭؒͰͷ೚ҙͷςϯιϧԋࢉࢠ͸֯ӡಈྔԋࢉࢠͷఆ਺ഒͰஔ͖׵͑Δ͜
ͱ͕Ͱ͖ɺଟۃࢠԋࢉࢠ͸
⟨J, Jz|Qˆlm|J, J ′z⟩ = e⟨rl⟩g(l)n ⟨J, Jz|Jˆ (l)m |J, J ′z⟩ , (A.12)
⟨J, Jz|Mˆlm|J, J ′z⟩ = µB⟨rl−1⟩g(l)n ⟨J, Jz|Jˆ (l)m |J, J ′z⟩ , (A.13)
Ͱ༩͑ΒΕΔɻൺྫ܎਺ g(l)n ͸ StevensҼࢠͱݺ͹ΕΔɻ݁থ৔΍ଟۃࢠͷཧ࿦Ͱ͸ J
(l)
m








*1 يಓ֯ӡಈྔ Lz,± ͱٿ໘ௐ࿨ؔ਺ Ylm ͸ަ׵ؔ܎ [Lz , Ylm] = !mYlm, [L±, Ylm] =
!
√
(l ∓m)(l ±m+ 1)Ylm±1 Λຬͨ͢ɻl = 1 ͷ৔߹Λ֯ӡಈྔͷަ׵ؔ܎ͱൺ΂Δͱ Y11 ͱ
−J+/
√










T : τ±A/B → τ∓A/B (B.1)
I : τ±A → τ±B (B.2)
IC4z : τ
±
A/B → τ∓A/B (B.3)
σ110 : τ
±
A/B → τ∓A/B (B.4)
C3 : τ
±
A/B → e∓i2π/3τ±A/B . (B.5)
ͱม׵͢Δɻடংม਺Λ
φu ≡ ⟨τ+A ⟩+ ⟨τ+B ⟩ ≡ |φu|eiθu (B.6)
φs ≡ ⟨τ+A ⟩ − ⟨τ+B ⟩ ≡ |φs|eiθs (B.7)
ͱఆٛ͢Δɻܥͷରশૢ࡞ʹΑͬͯมԽ͢Δͷ͸Ґ૬෦෼Ͱ͋Γɺ࣍ͷΑ͏ʹม׵͢Δɻ
T : θu → −θu, θs → −θs (B.8)
I : θu → θu, θs → θs + π (B.9)
IC4z : θu → −θu, θs → −θs (B.10)
σ110 : θu → −θu, θs → −θs (B.11)




มɺ·ͨ͸ූ߸͕มԽ͢Δ΋ͷͰ͋Δɻ͜͜Ͱɺθi = θu,s, ηi = ±1 Ͱ͋Δɻશૢ࡞
ʹؔͯ͠ෆมɺ·ͨ͸ූ߸͕มԽ͢Δ΋ͷ͸ φ∗1φ2 + φ1ψ∗2 ͷܗͷ݁߹Λߟ͑Δ͜ͱ
ͰɺશରশදݱΛͭ͘Δ͜ͱ͕Ͱ͖Δɻடংม਺ͷ 2 ࣍ͰՄೳͳ΋ͷ͸ θ ʹ͍ͭͯɺ
θu− θu, θs− θs = 0 Λຬͨ͢΋ͷɺ͢ ͳΘͪɺ|φu,s|2 Ͱ͋Δɻۮ਺࣍Ͱ͸ಉ༷ʹ |φu,s|4,6
ͳͲ͕ՄೳͰ͋Δɻ͜ΕҎ֎ͷ৔߹Ͱ͸ɺC3 ʹ͍ͭͯෆมͰ͋ΔͨΊʹ࣍਺͸ 3 ͷഒ
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਺Ͱ͋Δඞཁ͕͋Δɻ·ͨɺφs ͷ৔߹ʹ͸ɺI ʹ͍ͭͯෆมͰ͋ΔͨΊʹۮ਺࣍Ͱ͋
Δඞཁ͕͋Δɻ͕ͨͬͯ͠ɺφu ʹ͍ͭͯ͸ 3 ࣍ɺφs ʹ͍ͭͯ͸ 6 ࣍ͷ߲ʹҟํੑΛ΋
ͭՄೳͳ߲͕දΕΔɻ3 ࣍Ͱ͸ɺ3θu ͕ I, C3 ʹؔͯ͠ෆม T , IC4 ʹؔͯ͠ූ߸Λม
͑ΔͨΊɺ|φu|3(e3θu + e−3iθu) = 2|φu|3 cos 3θu ͕શରশදݱͱͳΔɻφs ͷ 6 ࣍Ͱ͸ɺ
|φu|6(e6θu + e−i6θu) = 2|φu|6 cos 6θu ͕શରশදݱͱͳΔɻφu ͱ φs ͷ૬ޓ࡞༻߲Ͱ͸ɺ
2θs + θu ͔Β࡞ΒΕΔ |φu||φs|2(ei(2θs+θu) + e−i(2θs+θu)) = 2|φu||φs|2 cos(2θs + θu) ͕
શରশදݱͱͳΔɻφu ͷ 6࣍ɺφu,φs ͱ΋ʹؚΉ 4,6࣍Λແࢹ͢ΔͱɺՄೳͳࣗ༝Τω
ϧΪʔ͸ɺ
F = F0 + Fφu + Fφs + Fint (B.13)
Fφu = ruφ|φu|2 + v|φu|3 cos 3θu + guφ|φu|4 + . . . (B.14)
Fφs = rsφ|φs|2 + gsφ|φs|4 + |φs|6(t+ w cos 6θs) + . . . (B.15)
Fint = λ|φs|2|φu| cos(2θs + θu) (B.16)
ͱͳΔɻ͜͜ͰɺF0 ͸டং͕ͳ͍ͱ͖ͷࣗ༝ΤωϧΪʔͰ͋Δɻ
෇࿥ B.2 f2 ిࢠͷৄࡉ
ຊ߲Ͱ͸ɺ1.1અɺ5.1અͰड़΂ͨ f2 ిࢠʹؔ͢Δৄࡉʹ͍ͭͯड़΂Δɻ
ɾf2 ిࢠ഑ஔͷཱํথͰͷ݁থ৔ݻ༗ঢ়ଶ
f2 ిࢠ഑ஔΛऔΔݪࢠ͸ɺϑϯτଇʹ͕ͨͬͯ͠ɺJ = 4͕ J ଟॏ߲ͷجఈঢ়ଶͱͳΔɻ

















































(|2⟩ − |−2⟩) (B.25)
ɾ௚ੵ
͜͜Ͱ͸ɺ఺܈ Td ͷط໿දݱͱ௚ੵදݱɺͦͷجఈΛࣔ͢ɻͨͩ͠ɺΓ1 දݱͱͷ௚ੵ
͸ࣗ໌Ͱ͋ΔͨΊলུ͢ΔɻΓ3 ͷجఈΛ {u, v}ɺΓ4 ͷجఈΛ {X˜, Y˜ , Z˜}ɺΓ5 ͷجఈΛ
{X,Y, Z}ͱͨ͠ɻ
Γ3 ⊗ Γ′3 = Γ1 ⊕ Γ2 ⊕ Γ3 (B.26)
Γ1 : uu
′ + vv′ (B.27)
Γ2 : uv
′ − vu′ (B.28)
Γ3 : {uu′ − vv′,−uv′ − vu′} (B.29)








3u+ v)X˜, (−√3u+ v)Y˜ ,−2vZ˜} (B.32)
Γ3 ⊗ Γ5 = Γ4 ⊕ Γ5 (B.33)
Γ4 : {(
√






Γ4 ⊗ Γ′4 = Γ1 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.36)
Γ1 : X˜X˜
′ + Y˜ Y˜ ′ + Z˜Z˜ ′ (B.37)
Γ3 : {2Z˜Z˜ ′ − X˜X˜ ′ + Y˜ Y˜ ′,
√
3(X˜X˜ ′ − Y˜ Y˜ ′)} (B.38)
Γ4 : {Y˜ Z˜ ′ − Z˜Y˜ ′, Z˜X˜ ′ − X˜Z˜ ′, X˜Y˜ ′ − Y˜ Z˜ ′} (B.39)
Γ5 : {Y˜ Z˜ ′ + Z˜Y˜ ′, Z˜X˜ ′ + X˜Z˜ ′, X˜Y˜ ′ + Y˜ Z˜ ′} (B.40)
Γ4 ⊗ Γ5 = Γ2 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.41)
Γ2 : X˜X + Y˜ Y + Z˜Z (B.42)
Γ3 : {−
√
3(X˜X − Y˜ Y ), 2Z˜Z − X˜X + Y˜ Y } (B.43)
Γ4 : {Y˜ Z + Z˜Y, Z˜X + X˜Z, X˜Y + Y˜ Z} (B.44)
Γ5 : {Y˜ Z − Z˜Y, Z˜X − X˜Z, X˜Y − Y˜ Z} (B.45)
Γ5 ⊗ Γ′5 = Γ1 ⊕ Γ3 ⊕ Γ4 ⊕ Γ5 (B.46)
Γ1 : XX
′ + Y Y ′ + ZZ ′ (B.47)
Γ3 : {2ZZ ′ −XX ′ − Y Y ′,
√
3(XX ′ − Y Y ′)} (B.48)
Γ4 : {Y Z ′ − ZY ′, ZX ′ −XZ ′, XY ′ − Y X ′} (B.49)
Γ5 : {Y Z ′ + ZY ′, ZX ′ +XZ ′, XY ′ + Y X ′}. (B.50)
59
5.1અͰड़΂ͨΑ͏ʹɺΓ3 ͱ Γ1,3,4,5 ͷ௚ੵͰ Γ3 ΛؚΉ૊Έ߹Θͤ͸ɺΓ3 ⊗Γ3 ٴͼɺࣗ
໌ͳ૊Έ߹Θͤ Γ3⊗Γ1 ͷΈͰ͋Δɻ͕ͨͬͯ͠ɺΓ3 جఈঢ়ଶͱྭىঢ়ଶ Γ1 ঢ়ଶͱͷߦ
ྻཁૉΛߟྀ͢Δ͜ͱͰɺடংม਺ʹҟํੑ͕දΕΔ͜ͱ͕Θ͔Δɻ
·ͨɺ͜ΕΒͷ௚ੵදݱΛ༻͍ͯՄೳͳடংม਺΍Ԡ౴Λௐ΂Δ͜ͱ͕Ͱ͖Δɻடংม











2 + (OAF22 )
2 (B.53)






A+2u : −(OF20OAF20 +OF22OAF22 ) (B.56)
E+u : {OF20OAF22 +OF22OAF20 , OF20OAF20 −OF22OAF22 } (B.57)
Ͱ͋Δɻடংม਺ʹ͍ͭͯ 3࣍Ͱ͸ɺ
*2 ҎԼͰ͸ط໿දݱΛϚϦέϯه߸ʹΑͬͯද͢ɻTd(Oh) Ͱ͸ϕʔςه߸ͱͷରԠ͸ɺΓ1,2,3,4,5 →






3 − 3(OF22)2OF20 (B.58)























20 −OAF20 OF22){OF20, OF22} (B.64)












2 + (OAF20 )
2){OF20, OF22} (B.68)














2 + (OAF20 )
2){OAF22 ,−OAF20 } (B.72)








{Jx,Jy,Jz} Ͱ͋Δɻ·ͨɺ࣓Խ͸ط໿දݱ T−1g ʹଐ͠ɺͦͷجఈ͸ {Mx,My,Mz} Ͱ
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͋Δɻ͜ΕΒͷ௚ੵ͔Β࡞ΒΕΔط໿දݱ͸ҎԼͷΑ͏ʹͳΔɻ
T−1u ⊗ T−1g = A+1u ⊕ E−u ⊕ T+1u ⊕ T+2u (B.74)
A+1u : J ·M (B.75)
E+1u : (2JzMx − JxMx − JxMy,
√
3(JxMx − JyMy)) (B.76)
T+1u : {JyMz − JzMy, cyclic} (J ×M) (B.77)
T+2u : {JyMz + JzMy, cyclic} (B.78)
͔͜͜ΒɺE+1u ʹଐ͢Δடংม਺͕ɺ࣓Խͱిྲྀͷੵ͔Β࡞ΒΕΔ E
+
1u දݱ {2JzMx −
JxMx − JxMy,
√
3(JxMx − JyMy)} ͱ݁߹Ͱ͖Δ͜ͱ͕Θ͔Δɻ·ͨɺடংม਺ʹͭ
͍ͯ 3࣍Λߟ͑ΔͱɺA+1u දݱ (O
AF
22 )
3 − 3(OAF20 )2OAF22 ͕ J ·M ͱ݁߹͢Δ͜ͱ͕Ͱ
͖Δɻ͕ͨͬͯ͠ɺOAF22 டং͸ J ·M ͱ݁߹Ͱ͖Δ͕ɺOAF20 ͸݁߹Ͱ͖ͳ͍͜ͱ͕Θ
͔Δɻ͜Ε͸ɺOAF20 ԼͰͷܥ͸ڸө σ
110(11¯0) ͷରশੑΛ΋ͪɺ͜ΕʹΑΓ J ·M ͱͷ
݁߹͕ې͡ΒΕΔͨΊͰ͋Γɺடংม਺ͷΑΓߴ࣍ͷ߲Λߟ͑ͯ΋݁߹͸Ͱ͖ͳ͍ɻOAF20
ͷ 3࣍ͱ݁߹͢Δͷ͸ɺυϨοηϧϋ΢εܕͷ A+2u දݱ Jx(J 2y − J 2z ) + cyclic Ͱ͋Δɻ
ͳ͓ɺOAF22 ͷ 1࣍ɺدੜ͢Δ O
F






෇࿥ C.1 Bloch-de Dominichͷఆཧ
ຊઅͰ͸४උͱͯ͠ Bloch-de DominichͷఆཧΛࣔ͢ɻ·ͣɺάϥϯυϙςϯγϟϧ
ʹରԠͯ͠ҎԼͷΑ͏ʹK Λఆٛ͢Δɻ
K ≡ H − µN =
∑
k






͜ͷͱ͖ɺΩ = Tr(e−βK)͕άϥϯυϙςϯγϟϧͱͳΔɻ࣍ʹ४උͱͯ͠ eτKcke−τK
Λܭࢉ͢ΔɻBaker-Hausdorﬀͷެࣜ






[B, [B, [B,A]]] + · · · (C.2)
ͱɺ










−τK = ck + τ [K, ck] +
τ2
2!
[K, [K, ck]] + · · · , (C.4)
= ck − τξkck + (−τ)
2
2!
ξ2kck + · · · = e−τξkck, (C.5)
eτKc†ke




























































eβξk ± 1δkj ≡ f± (ξk) δkj , (C.13)
(C.14)






































































2c3⟩δ14 ∓ ⟨c†2c4⟩δ13), (C.20)

















ͱද͞ΕΔͱ͢Δɻଟମݻ༗ঢ়ଶΛ |n⟩ , |m⟩ͱ͢Δͱײड཰͸




En − Em + ω + iδ ⟨n|Xq|m⟩ ⟨m|Y−q|n⟩ (C.24)
ͱͳΔɻ͜͜Ͱɺ|n⟩ , |m⟩ɺEn, Emɺρnɺρm ͸ΤωϧΪʔݻ༗ঢ়ଶɺΤωϧΪʔɺ౷ܭॏ
ΈͰ͋Δɻ͜ͷͱ͖ɺc†i cj ͔Βͷد༩ͷ෼฼ E
(0)
n − E(0)m ͸ i, j Ҏ֎ͷঢ়ଶͷ઎༗਺ʹΑ
ΒͣҰମͷΤωϧΪʔ ϵi, ϵj ͷࠩ ϵi − ϵj ͱͳΔɻີ౓ ρ(0)n ͸ɺྫ͑͹ |n⟩ = c†1c†2 |0⟩ͷͱ
͖ ρ(0)n = ⟨c†1c†2c2c1⟩ Ͱ͋ΓɺBloch-de DominicisͷఆཧʹΑΓɺ
⟨c†1c†2c3c4⟩ = ⟨c†1c4⟩⟨c†2c3⟩ − ⟨c†1c3⟩⟨c†2c4⟩ (C.25)
ͱͳΔɻ͜͜Ͱ ⟨...⟩ ͸ઁಈ͕ແ͍৔߹ͷظ଴஋Ͱ͋Δɻ·ͨΤωϧΪʔݻ༗ঢ়ଶʹର͠
ͯ c†i cj = δijf(ϵi)Ͱ͋ΔͨΊ (f(ϵ)͸ϑΣϧϛ෼෍ؔ਺ɺδij ͸ΫϩωοΧʔͷσϧλ)ɺ
⟨c†1c†2c2c1⟩ = f1f2 ͱͳΔɻߦྻཁૉ Xij , Yji ͱ ϵi − ϵj ͸ i, j Ҏ֎ͷঢ়ଶͷ઎༗਺ʹΑ
Βͳ͍ͨΊɺi, j Ҏ֎ͷશͯͷҰମঢ়ଶ c†l |0⟩ ͷॏΈ͸઎༗ɺඇ઎༗ͷ৔߹ͷॏΈͷ࿨
fl + (1− fl) = 1ͱͳΔɻ͕ͨͬͯ͠ɺײड཰͸Ұମঢ়ଶΛ༻͍ͯ
χXY (q,ω) = −
∑
i,j
(fi − fj) ⟨j|Xq|i⟩ ⟨i|Y−q|j⟩
ϵi − ϵj + ω + iδ , (C.26)
64
ͱද͞ΕΔɻҰମͷݻ༗ঢ়ଶ͸όϯυͰද͞ΕɺX(Y )q ͸ (ࣜ C.23)Ͱ͋Δ͔Βɺײड཰
͸όϯυঢ়ଶ |n,k⟩ = c†n,k |0⟩Λ༻͍ͯ
χXY (q,ω) = −
∑
k,nm
(fn,k+q − fm,k) ⟨n,k + q|Xnm(q)|m,k⟩ ⟨m,k|Ymn(−q)|n,k + q⟩
ϵn,k+q − ϵm,k + ω + iδ ,
(C.27)
Ͱ༩͑ΒΕΔɻ
ྫͱͯ͠ 3.1અͰఆٛͨ͠ Γ8 ໛ܕͷ τx(z) ͷײड཰Λߟ͑Δ (X = Y = τˆx(z))ɻيಓ



























෇࿥ͷ಺༰͸จݙ [57]ʹجͮ͘ɻຊ෇࿥Ͱ͸ɺ֎৔͕ͳ͍৔߹ͷ݁থӡಈྔΛ q, ࣌ؒʹ
ͷΈґଘ͢ΔϕΫτϧϙςϯγϟϧͰද͞ΕΔ֎৔͕͋Δ৔߹ͷήʔδෆมͳ݁থӡಈྔ
Λ k = q + eAͱ͢Δɻ
෇࿥ D.1 ϕϦʔҐ૬
෺ཧܥͷ࣌ؒൃల͕ɺύϥϝʔλ R = (R1,R2, ...) Ͱද͞ΕΔ৔߹Λߟ͑Δɻ͢ͳ
Θͪɺ
H = H(R), R = R(t), (D.1)
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Ͱ͋ΔɻR(t) ͸ύϥϝʔλۭؒͷܦ࿏ C ʹԊͬͯे෼Ώͬ͘Γಈ͘ͱ͢Δɻ͜ͷͨΊɺ
֤ tͰͷݻ༗ঢ়ଶ͸ɺRͰͷݻ༗ঢ়ଶͰද͞ΕΔɻ͢ͳΘͪɺ
H(R) |n(R)⟩ = ϵn(R) |n(R)⟩ , (D.2)
Λຬͨ͢ |n(R)⟩ Ͱঢ়ଶΛද͢ɻ͜͜Ͱɺ೚ҙʹͱΔ͜ͱͷͰ͖Δ |n(R)⟩ ͷҐ૬͸ɺR
ͷมԽʹରͯ͠࿈ଓతʹมԽ͢Δ΋ͷͱ͢Δɻஅ೤ੑͷԾఆ͔Βɺܥͷঢ়ଶ͸ɺ೚ҙͷҐ
૬ γn(t)Λ༻͍ͯɺ











|ψn(t)⟩ = H(R(t)) |ψn(t)⟩ , (D.4)




dR · An(R), (D.5)
ͱύϥϝʔλۭؒͰͷੵ෼Ͱ༩͑ΒΕΔɻ͜͜ͰɺϕϦʔ઀ଓ An(R)͸











Δɻ͜͜ͰɺύϥϝʔλۭؒͰͷดͨ͡ܦ࿏R(0) = R(T )Λߟ͑Δͱɺ|n(R)⟩ͷҰՁੑ
͔Βɺ







































⟨n|∂H(R)/∂Rµ|m⟩ ⟨m|∂H(R)/∂Rν |n⟩ − (ν ↔ µ)
(ϵn − ϵm)2 (D.14)
͜͜Ͱɺϵn,m ͸ύϥϝʔλ R Ͱͷ n,m൪໨ͷݻ༗ঢ়ଶͷΤωϧΪʔͰ͋Δɻ͜ͷܗ͸































































































v(q) = e−iq·rv(r)eiq·r, (D.29)




Ͱ༩͑ΒΕΔɻ[r,H] = pˆ/m, e−iq·rpˆ/meiq·r = ∂H(q)/∂q Λ༻͍ͨɻ࣌ؒґଘ͢Δ֎
৔ԼͰͷ೾ಈؔ਺͸ɺҰ࣍ઁಈͷൣғͰɺ

































































ͱͳΔɻ͜͜Ͱɺ⟨um|H(k)|un⟩ = δnmEnΛ kͰඍ෼ͯ͠ಘΒΕΔ ⟨um|∂H(k)/∂k|un⟩ =












ΪʔͰ͋Γɺ୺ͰͷΈ V (r)ͷد༩͕͋Δͱ͢Δɻ·ͨɺV (r)͸ݪࢠεέʔϧʹൺ΂ͯ
Ώͬ͘ΓมԽ͠ɺ೾ଋͷඳ૾͸ܥͷ୺Ͱ΋༗ޮͰ͋Δͱ͢Δɻ͜ͷͱ͖ɺిࢠͷΤωϧ
Ϊʔ͸


















































ͱͳΔɻ࠷ޙͷߦͰ e2/!Ωz ͷ઎༗ঢ়ଶͰͷੵ෼͕ϗʔϧ఻ಋ౓ σxy Ͱ༩͑ΒΕΔ͜ͱ
Λ༻͍ͨɻσxy(ϵ) ͸ઈରྵ౓ͰϑΣϧϛΤωϧΪʔ͕ ϵ Ͱ͋Δͱ͖ͷϗʔϧ఻ಋ౓Ͱ͋













ͷ࣓৔ B ʹΑΔඍ෼ ∂F/∂B ͱͯ͠΋ಋ͔ΕΔ (D.6) ɻ
ӡಈํఔࣜ







+ V (r)− eφ(r) (D.51)
ͱද͞ΕΔɻ͜͜Ͱ V (r)͸݁থͷपظϙςϯγϟϧͰ͋Δɻి࣓ϙςϯγϟϧͷಛ௃త
௕͕͞೾ଋͷ޿͕ΓΑΓ΋े෼େ͖͍ͱͯ͠ɺ೾ଋͷ༗ޮϋϛϧτχΞϯ͸ి࣓ϙςϯ
γϟϧΛ೾ଋத৺ rc ͷपΓʹ 1࣍·Ͱల։ͨ͠








{A(r)−A(rc),p}− eE · (r − rc) (D.54)
Λߟ͑Δɻఆ਺ A(rc)͸೾ಈؔ਺ͷҐ૬Λม͑Δ͚ͩͰ͋ΔͨΊɺ೾ଋ |W ⟩͸ి࣓৔͕
ͳ͍ͱ͖ͷ೾ଋ |W0⟩Λ༻͍ͯ
|W (kc, rc)⟩ = exp(− e!A(rc) · rc) |W0(kc, rc)⟩ (D.55)
ͱද͞ΕΔɻҎԼɺ࠷খ࡞༻ͷݪཧʹΑΓӡಈํఔࣜΛٻΊΔɻϥάϥϯδΞϯ͸




⟨W |i!∂/∂t|W ⟩ = e ⟨W0| ∂
∂t
(A(rc) · rc)|W0⟩ (D.57)
= eA˙ ·Rc − ! ∂
∂t
argw(kc, t), (D.58)
⟨W |∆H|W ⟩ = −m(k) ·B (D.59)
ͱͳΔͨΊɺϥάϥϯδΞϯ͸
L = !k · r˙ − ϵM (k) + eφ(r)− er˙ ·A(r, t) + !k˙ · An(k) (D.60)
ͱͳΔɻ͜͜ͰɺϵM (k) = ϵ0(k) −B ·m(k)Ͱ͋Γɺఴࣈ c͸লུͨ͠ɻΦΠϥʔํఔ
ࣜΑΓɺӡಈํఔࣜ͸ɺ
r˙ = !−1 ∂ϵM (k)
∂k
− k˙ ×Ω(k) (D.61)
















ͱͳΔɻ(2π)d ͸೾਺ k ͷ୯Ґମੵ͋ͨΓͷঢ়ଶ਺Ͱ͋Δɻ೾ଋඳ૾Ͱ͸ kc, rc ͸ਖ਼४




















































͜͜Ͱɺd ͸ܥͷ࣍ݩͰ͋ΔɻిࢠͷΤωϧΪʔ ϵM = ϵ(k) −m(k) · B ʹ͸يಓ࣓
ؾϞʔϝϯτʹΑΔิਖ਼ɺঢ়ଶີ౓ʹ͸ϕϦʔۂ཰ʹΑΔิਖ਼ؚ͕·ΕΔɻيಓ࣓Խ͸





























































ασβ |−⟩ − ⟨−|σα|−⟩ ⟨−|σβ |−⟩). (D.77)
ܭࢉʹඞཁͳ୅਺͸ɺ
σασβ = δαβ + iϵαβγσ
γ (D.78)
⟨−|σα|−⟩ = −dα/|d| (D.79)














|d(k)|2 · (∂id(k)× ∂jd(k)). (D.83)
ͱͳΔɻd(k) = kͷ৔߹Λߟ͑ΔͱɺϕϦʔۂ཰͸







































































































ຊ෇࿥Ͱ͸ p يಓిࢠ͔Βͭ͘Δ Γ8 ໛ܕͷߏ੒ͷৄࡉΛड़΂ΔɻҎԼɺຊ෇࿥Ͱ͸
s يಓͱ p يಓͷࠞ੒ΛؚΜͩ 12 όϯυ໛ܕʹ͍ͭͯల։͢Δ͕ɺຊݚڀͰ༻͍ͨ Γ8
໛ܕ͸ p೾ͷΈ͔Βߏ੒͞Ε͍ͯΔͨΊɺΓ8 ໛ܕʹؔ͢ΔݶΓɺ͢΂ͯͷϗοϐϯάͰ
tssσ = tspσ = 0ͱ͢Δɻ
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·ͣɺݪࢠيಓঢ়ଶΛߟ͑ΔɻpيಓͷجఈΛҎԼͷΑ͏ʹ px, py, pz ʹͱΔɻ
|x⟩ = 1√
2
(− |1, 1⟩+ |1,−1⟩), (E.1)
|y⟩ = 1√
2
(|1, 1⟩+ |1,−1⟩), (E.2)
|z⟩ = |1, 0⟩ . (E.3)
͜͜Ͱɺ|l,m⟩͸֯ӡಈྔͱͦͷ z੒෼ͷݻ༗ঢ়ଶͰ͋Δɻp೾ͷҐ૬͸ɺٿ໘ௐ࿨ؔ਺͕
࣌ؒ൓సԋࢉࢠ T ʹରͯ͠ TY ml = (−1)mY −ml ͱม׵͢ΔΑ͏ʹఆٛ͢ΔɻҰൠʹཱ











((−1)|m|Y |m|l − Y −|m|l ) for m < 0. (E.6)





λ(Λ1σ1 + Λ2σ2 + Λ3σ3), (E.7)
͜͜ͰɺΛ͸ҎԼͰ༩͑ΒΕΔɺήϧϚϯߦྻͰ͋Δɻ
Λ1 =
⎛⎝0 0 00 0 −i
0 i 0
⎞⎠ , Λ2 =
⎛⎝ 0 0 i0 0 0
−i 0 0
⎞⎠ , Λ3 =




⎛⎝0 0 00 0 1
0 1 0
⎞⎠ , Λ5 =
⎛⎝0 0 10 0 0
1 0 0
⎞⎠ , Λ6 =




⎛⎝1 0 00 −1 0
0 0 0
⎞⎠ , Λ8 = 1√
3
⎛⎝1 0 00 1 0
0 0 −2
⎞⎠ , Λ0 =




Λa = (Lx, Ly, Lz), (E.11)
Λb = −({Ly, Lz}, {Lz, Lx}, {Lx, Ly}), (E.12)
Λc = −(L2x − L2y, 2L2z − L2x − L2y) (E.13)
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࣍ʹϗοϐϯάΛߟ͑Δɻ֤ϗοϐϯάͷભҠཁૉ͸εϨʔλʔɾίελʔύϥϝʔλ
ͱϗοϐϯάͷํ޲༨ݭ (lx, ly, lz)ͰҎԼͷΑ͏ʹද͞ΕΔɻ
⟨s|H|s⟩ = tssσ, (E.14)
⟨s|H|px⟩ = lxtspσ, (E.15)
⟨px|H|px⟩ = l2xtppσ + (1− l2x)tppπ, (E.16)
⟨px|H|py⟩ = lxly(tppσ − tppπ) (E.17)
͜ΕΛ༻͍ͯɺ͢΂ͯͷϗοϐϯάʹ͍ͭͯ࿨ΛͱΔͱɺҎԼͷΑ͏ʹͳΔɻ
࠷ۙ઀ϗοϐϯά (1/4, 1/4, 1/4౳)





tspσ(sµsνcρ − icµcνsρ), (E.19)
⟨pµ|H|pµ⟩ = 4
3
(tppσ + 2tppπ)(cxcycz − isxsysz), (E.20)
⟨pµ|H|pν⟩ = −4
3
(tppσ − tppπ)(sµsνcρ − icµcνsρ), (E.21)
͜͜Ͱɺcµ = cos(kµ/4), µ = x, y, zɺν ̸= µͰ͋Δɻ
࣍࠷ۙ઀ϗοϐϯά (1/2, 1/2, 0౳)
⟨s|H|s⟩ = 4tssσ(cxcy + cycz + czcx), (E.22)
⟨s|H|pµ⟩ = 2
√
2itspσsµ(cν + cρ), (E.23)
⟨pµ|H|pµ⟩ = 2(tppσ + tppπ)cµ(cν + cρ) + 2tppπcνcρ, (E.24)
⟨pµ|H|pν⟩ = −2(tppσ − tppπ)sµsν , (E.25)
͜͜Ͱɺcµ = cos(kµ/2), µ = x, y, z Ͱ͋Δɻ




















͜͜ʹɺµ = 0 ∼ 8, ν = 1 ∼ 6ɺΛµ3×3͸ήϧϚϯߦྻɺA1,2,3,4,5,6 = (i, 0, 0), (0, i, 0), (0, 0, i),
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λΛa · σγ0 + (EsΓ0 + EpΛ0)σ0γ0, (E.28)
͜͜Ͱɺi = b, c (i ͷ࿨ͷه߸͸লུͨ͠), Λa = (Λ1,Λ2,Λ3),Λb = (Λ4,Λ5,Λ6),
Λc = (Λ7,Λ8),Γa = (Γ1,Γ2,Γ3),Γb = (Γ4,Γ5,Γ6), Es,p ͸ͦΕͧΕ s, p ిࢠͷݪࢠي
ಓͷΤωϧΪʔͰ͋Δɻ೾਺ґଘΛ࣋ͭ܎਺͸ҎԼͰ༩͑ΒΕΔɻ




(⟨px|H111|px⟩+ ⟨py|H111|py⟩+ ⟨pz|H111|pz⟩), (E.30)
η1µk = ⟨s|H111|pµ⟩ , (E.31)










(2 ⟨pz|H111|pz⟩ − ⟨px|H111|px⟩ − ⟨py|H111|py⟩) = 0, (E.34)




(⟨px|H110|px⟩+ ⟨py|H110|py⟩+ ⟨pz|H110|pz⟩), (E.36)
η2µk = ⟨s|H110|pµ⟩ , (E.37)










(2 ⟨pz|H110|pz⟩ − ⟨px|H110|px⟩ − ⟨py|H110|py⟩) (E.40)
֤ߦྻ͸ҎԼͷط໿දݱʹଐ͢Δɻ
Λ1,2,3 ∈ T−1g, Λ4,5,6 ∈ T+2g, Λ7,8 ∈ E+g ,Γ1,2,3 ∈ T−1u, Γ4,5,6 ∈ T+1u, σ1,2,3 ∈ T−1g, γx ∈
A+1g, γ





J = L+ S, (E.41)




























L · S, (E.45)
ఴࣈ 3/2, 1/2͸ pيಓ͔ΒͳΔશ֯ӡಈྔΛද͢ɻsيಓ΁ͷࣹӨ͸ Ps = Γ0 Ͱද͞Ε
ΔɻࣹӨԋࢉࢠΛࠨӈ͔Β࡞༻ͤͨ͞ঢ়ଶΛߟ͑ΔɻࣹӨԋࢉࢠΛҰൠతʹ
P = a+ bL · S, (E.46)
P ′ = a′ + b′L · S (E.47)
ͱදͯ͠ɺϋϛϧτχΞϯ
H = ϵΛ0 + η ·Λb + d ·Λc + λL · S (E.48)
ʹ࡞༻ͤ͞Δɻ͜͜Ͱɺ෭֨ࢠࣗ༝౓͸֯ӡಈྔͱަ׵͢ΔͨΊʹলུͨ͠ɻPHP ′ ͸
ҎԼͷΑ͏ʹͳΔɻ





2ϵΛa · σ + ηµ(σνΛρ + σρΛν)
+ dx(σ
1Λ1 − σ2Λ2) + 1√
3
dz(σ






η · (Λb × σ)− 2ηµσµΛ˜7(µ)









−2ϵΛ0 + η ·Λb + d ·Λc
+ ϵΛa · σ + ηµ(σνΛρ + σρΛν)
+ dx(σ
1Λ1 − σ2Λ2) + 1√
3
dz(σ














)Λa · σ) (E.49)
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͜͜ͰɺΛ˜7(1,2,3) = diag{(0, 1,−1), (−1, 0, 1), (1,−1, 0)}, µ ̸= ν, ρͰ͋Δɻ







(η ·Λb + d ·Λc) + 7
9





1Λ1 − σ2Λ2) + 1√
3
dz(σ






























P3/2HP1/2 = − i3
(
η · (Λb × σ)− 2ηµσµΛ˜7(µ)







ϵΛa · σ − 7
18
λΛa · σ (E.52)
Ͱ͋Δɻ
Γ3 ࣗ༝౓ʹؔ࿈͢ΔϞʔϝϯτ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
J2x − J2y = −Λ7 + (Λ1σ1 − Λ2σ2), (E.53)
2J2z − J2x − J2y =
√
3Λ8 + (2Λ3σ3 − Λ1σ1 − Λ2σ2), (E.54)
JxJyJz = −1
4
(Λ4σ1 + Λ5σ2 + Λ6σ3) (E.55)
J = 3/2ͷঢ়ଶΛ Γ8 = Γ3 ⊗ Γ6 ͱͯ͠ɺΓ3 ࣗ༝౓ʹ࡞༻͢Δύ΢Ϧߦྻ τ Λ࣍ͷΑ͏
ʹఆٛ͢Δɻ








(σ1Λ1 − σ2Λ2), (E.56)






(2σ3Λ3 − σ1Λ1 − σ2Λ2), (E.57)





(σνΛρ + σρΛν) (E.58)




x(1/2− 1/2τz +√3/2τx), (E.59)
Jy = σ
y(1/2− 1/2τz −√3/2τx), (E.60)
Jz = −σz(1/2 + τz). (E.61)
































































f367 = −1, (E.70)
















d888 = − 1√
3
, (E.75)




d135 = d117 = d447 = −1
2
, (E.77)











൓݁߹ͷجఈʹม׵͢ΔϢχλϦԋࢉࢠ͸ U = (γx+ γz)/
√
2Ͱ༩͑ΒΕɺΤωϧΪʔ͸






0 + gk · Γ (F.1)
g0k = Ek ± |∆Rek | ±

















µ = 1, 2, 3(x, y, z). (Γ1,Γ2,Γ3,Γ4,Γ5) = (σxτy,σyτy,σzτy,σ0τx,σ0τz). 2࣍ઁಈʹද
ΕΔ߲ͷ͏ͪɺ|ηImk |2/|∆Re0 |ͷ߲ͷΈ͕ kͷ 2࣍Ͱ͋Γɺ2࣍ઁಈͷଞͷ߲͸ߴ࣍ͷ߲Ͱ
͋Δɻ೾਺ͷ 2࣍·ͰΛߟ͑ΔͱɺJ = 3/2ʹର͢Δ Luttinger໛ܕͱͳΔɻݻ༗ঢ়ଶ͸
࣍Ͱද͞ΕΔɻ
|ψ1(k)⟩ = Ck(1 + g5,k, 0, g4,k + ig3,k,−(g2,k − ig1,k))T (F.5)
|ψ2(k)⟩ = Ck(0, 1 + g5,k, g2,k + ig1,k, g4,k − ig3,k)T (F.6)
|ψ3(k)⟩ = Ck(−(g4,k − ig3,k),−(g2,k − ig1,k), 1 + g5,k, 0)T (F.7)
|ψ4(k)⟩ = Ck(g2,k + ig1,k,−(g4,k + ig3,k), 0, 1 + g5,k)T (F.8)






H(0) = E0 +∆0 +∆AFz τzγz (F.9)




















2 + (∆AFz )
2
, sin θ =
∆AFz√
(∆Re0 )




U †τxU = cos θτx − sin θτyγy (F.12)
U†τyU = cos θτy + sin θτxγy (F.13)
U†τzU = τz (F.14)
U†γxU = cos θγx + sin θτzγz (F.15)
U†γyU = γy (F.16)























(η′k · στx − dxkτyσ0)γy + (−∆Rek τzσ0 − d′Rezk τ0σ0)γx
−(ηImk · στx − d′Imxk τyσ0)γ0
)
+∆AFz (cos θτ
zγx + sin θτ0γz)σ0 (F.18)
















0σ0 + ηRek · στy + (d′Rexk τx + cos θd′Rezk τz)σ0
)
γz
− sin θ(ηImk · στx − d′Imxk τyσ0)γ0 (F.20)
ඇର߲֯ͷ͏ͪɺ೾਺ͷ 0, 1, 2࣍ͷ߲͸ҎԼͰ͋Δɻ
Hoﬀ(k) =
(
− cos θηImk · στy + sin θ(η′k · στx − dxkτyσ0)
)
γy
− sin θ(∆˜Rek τz + d′Rezk τ0)σ0γx, (F.21)




























g0k = Ek ± δE ± cos2 θ|ηImk |2/δE (F.25)
gjk = cos θη
′
jk ± ηRejk (F.26)
g4k = cos θdxk ± d′Rexk (F.27)
g5k = dzk ± cos θd′Rezk (F.28)
gj5k = − sin θηImjk + sin 2θ∆˜kηImjk /δE (F.29)
gj4k = ∓ sin 2θ(ηImk × η′k)j/δE (F.30)
gijk = ± sin 2θdxkηImlk /δE. (F.31)
͜͜Ͱɺ(i, j, k) = (1, 2, 3).(2, 3, 1), (3, 1, 2)ɺδE =
√
(∆Re0 )
2 + (∆AFz )
2 Ͱ͋ΔɻΓµ ͸
σΟϥοΫͷ ΓߦྻͰ͋Γɺடং͕ͳ͍৔߹ͱಉ༷ʹఆٛ͞ΕΔɻ5ͭͷ Γµ ͸࣌ؒ൓స
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ʹؔͯ͠ۮͰ͋Γɺ10ݸͷަ׵ࢠ Γµν = i[Γµ,Γν ]͸حͰ͋Δɻަ׵ࢠͱύ΢Ϧߦྻͷର
Ԡ͸ɺτy = −Γ45,σµ = Γνρ,σµ⊗ τx = Γµ5,σµ⊗ τz = −Γµ4 Ͱ͋ΔɻΓµ5 ͷ߲͸ kʹؔ
ͯ͠ 1࣍Ͱ͋ΓɺΓ఺෇ۙͰͷओཁ߲Ͱ͋Δɻ͜ͷ߲͸டং͕ͳ͍৔߹ʹ͸ଘࡏ͠ͳ͍ɻk
ͷ 1࣍·ͰͰ͸ΤωϧΪʔ͸ 2ॏॖୀͰ͋Γɺ෼ࢄ͸E(k) = E0+(−1)tδE+(−1)s|ηImk |












































෇࿥ F.3 OAF22 +O
F
20 டংԼͰͷϫΠϧ఺
τx ͷ൓ڧ࢛ۃࢠடং͕ओཁͳடংม਺Ͱ τz ͷڧతடং͕دੜ͍ͯ͠Δ৔߹ͷॖୀɺ෼
ࢄΛߟ͑ΔɻඇઁಈϋϛϧτχΞϯΛ Γ఺Ͱ τxγz ͷடংΛ൐͏΋ͷͱ͠ɺk ʹ͍ͭͯ 1
࣍ͷ߲ͱ ∆Fz τ

















2 + (∆AFz )
2
, sin θ =
∆AFz√
(∆Re0 )




U†τxU = τz (F.35)
U†τyU = − cos θτy + sin θτxγy (F.36)
U †τzU = cos θτx + sin θτyγy (F.37)
U †γxU = cos θγx + sin θτxγz (F.38)
U †γyU = γy (F.39)
U†γzU = cos θγz − sin θτxγx (F.40)
Γ఺ͰͷϋϛϧτχΞϯ͸
H(0) =E0τ0σ0γ0 + δEτ0σ0γz (F.41)
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Ͱ͋Δɻઁಈ͸ҎԼͷΑ͏ʹද͞ΕΔɻ
H ′(k) =U †∆FτzU + U †ηImk · στyγyU (F.42)
=∆F(cos θτx + sin θτyγy)− cos θηImk · στyγy − sin θηImk · στxγ0 (F.43)
1࣍ઁಈ͸








Heﬀ(k) =(E0 + sin2 θ(∆F)2/δE)τ0σ0γ0 + δEτ0σ0γz
+
(
∆F cos θσ0τx − sin θηImk · στx − sin 2θ∆FηImk · σ/δE
)
γ0. (F.46)




U˜†U †τxUU˜ = τx (F.47)
U˜†U †τyUU˜ = cos θτy + sin θτzγy (F.48)
U˜ †U†τzUU˜ = cos θτz − sin θτyγy (F.49)
U˜ †U†γxUU˜ = cos θγx + sin θτzγz (F.50)
U˜ †U†γyUU˜ = γy (F.51)
U˜†U †γzUU˜ = cos θγz − sin θτzγx. (F.52)
͜͜Ͱɺ৽ͨͳύ΢Ϧߦྻ͸டংԼͰͷ఺܈ D2d ͷط໿දݱʹଐ͠ɺ֤ʑɺτx ∈ B+1 ,
τy ∈ A−2 , τz ∈ A+1 Ͱ͋Δɻ༗ޮϋϛϧτχΞϯ͸
Heﬀ(k) =(E0 + sin2 θ(∆F)2/δE)τ0σ0γ0 + δEτ0σ0γz +∆F cos θσ0τz
−
(




ڧ࢛ۃࢠடংͷΈͷ৔߹ʹ͸σΟϥοΫ఺Ͱ͋ͬͨ΋ͷ͕ τz ʹΑͬͯ 2 ॏॖୀ͕ղ͚




Heﬀ(k) =η˜k · στz + ˜dzkτz + dxkτx + η′ · στy, (F.54)
Ͱ͋Δɻ͜͜Ͱ η˜k = sin θηImk , η˜
′
k = cos θη
′
k,
˜dzk = cos θ(dzk + ∆F) Ͱ͋ΔɻΤωϧ
Ϊʔ͸
H(k)2 = E21 + 2d˜zkη˜k · σ + 2(η˜k × η˜′k) · στx (F.55)
(H(k)2 − E21)2 = 4|d˜zkη˜k|2 + 4|η˜k × η˜′k|2 (F.56)
E(k) = ±
√
E21 ± E22 (F.57)
E21 = |η˜k|2 + |η˜′k|2 + d2xk + d˜2zk (F.58)
E22 = 2
√
|d˜zkη˜k|2 + |η˜k × η˜′k|2 (F.59)






d˜2zk + |η˜′k|2 sin2 φ
)2
+ d2xk + |η˜′k|2 cos2 φ = 0, (F.60)
͜͜Ͱɺφ͸ |η˜k × η˜′k| = |η˜k||η˜′k| sinφ ʹΑͬͯఆٛ͞ΕΔɻ͜ΕΛຬͨͨ͢Ίɺdxk ͱ
|η˜′k| cosφ͕ 0ͱͳΒͳͯ͘͸ͳΒͳ͍ɻdxk ͸ [001]ɺ[11x]ํ޲Ͱ 0ͱͳΔɻ|η˜′k| cosφ
͸ [100], [010], [001] (η˜′k = 0)·ͨ͸ɺ[110], [011], [101] (cosφ = 0)Ͱ 0ͱͳΔɻͨ͠
͕ͬͯɺόϯυͷަࠩ͸ɺ[001]ɺ[110]ํ޲Ͱى͜ΓಘΔɻ
όϯυ͕ަࠩ͢Δ৚݅͸࣍ͷΑ͏ʹ΋ٻ·Δɻަࠩʹؔ͢Δόϯυ͸ͱ΋ʹ Γ ఺प
ΓͰͷઢܗ߲ η˜k · σ ͷݻ༗஋ͷ͏ͪෛͷ΋ͷͰ͋Δɻk ͷ 1 ࣍·ͰͷΈΛߟ͑ͨ৔߹ɺ
|η˜k| = ∆F Λຬͨ͢఺Ͱަࠩ͢Δɻ͜ͷ఺Λ k0 ͱ͢ΔɻϋϛϧτχΞϯ
H(k) = −η˜k0 · η˜δkτz + dzkτz + dxkτx + η˜′k · στy. (F.61)














σ0 − η˜k0|η˜k0 |
· σ
)














H(k) = ∆Re0 γ
x + ηImk · στyγy (F.64)
H(k)2 = |∆Re0 |2 + |ηImk |2 (F.65)
Γ఺Ͱ͸ 4ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 2࣍Ͱ͋Δɻ
൓ڧ࢛ۃࢠடং (τz)ԼͰ͸ҎԼͷΑ͏ʹΤωϧΪʔ͕ٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγz (F.66)
H(k)2 = |∆Re0 |2 + |∆AF|2 + |ηImk |2 − 2∆AFηImk · στzγz (F.67)
(H(k)− E(1))2 = 4|∆AFηImk |2 (F.68)
E(1) = |∆Re0 |2 + |∆AF|2 + |ηImk |2 (F.69)
Γ఺Ͱ͸ 4ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 1࣍Ͱ͋Δɻ
ڧ࢛ۃࢠடং (τz)ԼͰͷΤωϧΪʔ͸ҎԼͷΑ͏ʹٻ·Δɻ
H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγ0 (F.70)
H(k)2 = |∆Re0 |2 + |∆F|2 + |ηImk |2 + 2∆F∆Re0 τzγx (F.71)






H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτxγz +∆Fτzγ0 (F.73)
H(k)2 = E(1) + 2∆F∆Re0 τ
zγx + 2∆AFηImk · στzγx (F.74)
(H(k)2 − E(1))2 = E(2) + 8∆Re0 ∆F∆AFηImk · σ (F.75)
((H(k)2 − E(1))2 − E(2))2 = 64|∆Re0 ∆F∆AFηImk |2 (F.76)
E(1) = |∆Re0 |2 + |∆AF|2 + |∆F|2 + |ηImk |2 (F.77)
E(2) = 4|∆F∆Re0 |2 + 4|∆AFηImk |2 (F.78)




H(k) = ∆Re0 γ
x + ηImk · στyγy +∆AFτzγz +∆Fτzγ0 (F.79)
H(k)2 = E(1) + 2∆F∆Re0 τ
zγx − 2∆AFηImk · στxγx + 2∆AF∆Fγz (F.80)
(H(k)2 − E(1))2 = E(2) (F.81)
E(1) = |∆Re0 |2 + |∆AF|2 + |∆F|2 + |ηImk |2 (F.82)
E(2) = 4|∆F∆Re0 |2 + 4|∆AFηImk |2 + 4|∆AF∆F|2 (F.83)
Γ఺Ͱ͸ 2ॏॖୀɺ෇ۙͰͷ෼ࢄ͸ 2࣍Ͱ͋Δɻ
W ఺ (2π, 0,π)




H(k) = a(σxγy + σyγx)τy +∆AFσ0τxγz + d˜zσ
0τzγ0 (F.84)
d˜z = dzW +∆
F (F.85)
H(k)2 = E21 + 2a
2σzγz + 2a∆AFτz(σxγx − σyγy) (F.86)(
(H(k)2 − E21
)2
= E42 + 8a
2(∆AF)2σzγz + 8a3(∆AF)(σxγx − σyγy) (F.87)
E21 = 2a
2 + (∆AF)2 + d˜2z (F.88)
E42 = 4a
4 + 8a2(∆AF)2 (F.89)







4.1 અ΍෇࿥ F Ͱड़΂ͨΑ͏ʹɺ൓ڧடংԼͰ͸ Γ ఺ʹσΟϥοΫ఺͕ੜ͡Δɻ൓ڧ




Δɻடংม਺͕ OAF22 ͷΈͷ৔߹ʹ͸ɺΓ఺ͰσΟϥοΫ෼ࢄͱͳΔ (ৄࡉ͸෇࿥ F)ɻد
ੜ͢Δ OF20 ʹΑͬͯɺ͜ͷσΟϥοΫ෼ࢄ͸ׂΕɺ2ͭͷϫΠϧ఺ͱͳΔɻߴΤωϧΪʔ
ͷϫΠϧ෼ࢄͱ௿ΤωϧΪʔͷϫΠϧ෼ࢄ͸༗ݶ೾਺Ͱަࠩ͠৽ͨͳϫΠϧ఺ͱͳΔɻަ

































































































































































































































H(k) = d(k) · σ, (G.1)
dx(k) = k
2
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